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Earth and Ocean seem 

To sleep i n one another's arms, and dream 

of waves, flowers, clouds, woods, rocks, and a l l that we 

Read i n th e i r smiles, and c a l l r e a l i t y . 

Epipsychidion - P. B. Shelley 



The Morning Watch, HMS EECLA, east of Barbados, 1971 
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ABSTRACT 

The Lesser A n t i l l e s form one of only two island arcs that occur 

i n the Atlantic Ocean. Bathymetric, gravity, magnetic, and seismic 

r e f l e c t i o n data were collected by HMS HECLA during 1971 i n an area 

bounded by latitudes 12° 5V N and 13° 5 V N, and longitudes 57° W and 

61° 10' W, including the islands of St. Lucia, St. Vincent, and 

Barbados. These data are reduced and interpreted i n conjunction 

with seismic refraction data from an experiment run i n 1972 and data 

from other published and unpublished sources. 

The structure of the upper sedimentary layers i s derived from 

the seismic r e f l e c t i o n records. The crustal structure i s modelled two 

dimensionally using a non-linear optimisation technique to f i t the 

observed gravity and seismic refraction data. The island arc and the 

Barbados Ridge are examined i n d e t a i l , and the nature of a ridge 

running eastward from St. Lucia into the Atlantic Ocean basin i s 

investigated. Magnetic anomalies are treated by direct modelling, 

magnetic to gravity transformation, and analysis of the power spectrum. 

The seismicity of the eastern Caribbean i s considered with 

respect to possible plate motions, and maps of focal depth and energy 

release are presented. The mechanism and causes of subduction beneath 

the Lesser A n t i l l e s are discussed. The possible gravity anomaly 

caused by subducted lithosphere i s estimated and i t s effect on the 

determination of the crustal structure examined. The influence of 

the r e l a t i v e motions between the North and South American plates on 

the development of the Caribbean and the Lesser A n t i l l e s i s studied. 

Some ideas on the o r i g i n and growth of the Barbados Ridge and the island 
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arc are put forward. 

Geophysical data p r o f i l e s , and computer programs for reduction 

and interpretation of data are presented i n appendices. 
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Chapter 1 

I n t r o d u c t i o n 

I n 1971 and 1972 the Department of Geological Sciences, 

U n i v e r s i t y of Durham, i n conjunction w i t h the Hydrographic Branch 

of the Royal Navy c a r r i e d out geophysical surveys i n the area of the 

Lesser A n t i l l e s aboard HMS HECLA as part of the i n t e r n a t i o n a l CICAR 

pr o j e c t (Co-operative I n v e s t i g a t i o n of the Caribbean and Adjacent 

Regions) ( f i g . l . l ) . During the f i r s t survey period, from A p r i l to 

August 1971? g r a v i t y , magnetic, and seismic r e f l e c t i o n p r o f i l e s were 

obtained along mostly east-west l i n e s i n a rectangular area crossing 

the i s l a n d arc between l a t i t u d e s 12° 55' N and 13° 55' N, extending t o 

longitude 57° W i n the east and longitude 6*f° 30' W i n the west. The 

survey i n 1972 was i n two p a r t s . The f i r s t p a r t was a seismic 

r e f r a c t i o n experiment i n which HMS HECLA acted as shooting ship, and 

rec e i v i n g s t a t i o n s were s i t u a t e d on a l l the major islands and on the 

NOAA Ocean Survey Ship DISCOVERER. This l a s t being a hydrophone 

system operated by the w r i t e r . Shot l i n e s were run across the area, 

along the i s l a n d arc and along the Aves Swell- The second par t of 

the 1972 cruise was a g r a v i t y and magnetic survey of the Aves Swell. 

This t h e s i s i s p r i n c i p a l l y concerned w i t h the i n t e r p r e t a t i o n of 

g r a v i t y , magnetic, and seismic r e f l e c t i o n data c o l l e c t e d between and 

east of St. Vincent and St. Lucia, and also the seismic r e f r a c t i o n 

l i n e running eastward from St. Vincent through Barbados t o the A t l a n t i c 

Ocean basin. I n a d d i t i o n t o the d e t a i l e d i n t e r p r e t a t i o n of the c o l l e c t e d 

data a study i s made of the t e c t o n i c system of the Caribbean 

* A short account of the i n t e r p r e t a t i o n of the Barbados Ridge area 
i s given i n Westbrook, Bott and Peacock (1973) 
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( i n chapters 6 & 7) and the si g n i f i c a n c e of area i s considered i n the 

l i g h t of more general hypotheses f o r subduetion zones. Data west of 

the Lesser A n t i l l e s has been i n t e r p r e t e d by P. Keary ( t h e s i s t o be 

submitted 1973) and an analysis of the r e f r a c t i o n experiment i s being 

made by C. Boynton. 

The reduction and i n t e r p r e t a t i o n of data was accomplished w i t h 

the use of an IBM 360/67 computer and a large p a r t of the work f o r 

t h i s t h e s i s was e n t a i l e d i n w r i t i n g programs f o r i t . I n general, the 

formulae and computational techniques used are w e l l documented and are, 

therefore, given only b r i e f mention i n the t e x t , which i s mainly 

concerned w i t h the i n t e r p r e t a t i o n and r e s u l t s . D e t a i l s of the 

t h e o r e t i c a l basis and manner of operation of the programs are given i n 

appendices, together w i t h t h e i r l i s t i n g s . 

Geological I n t r o d u c t i o n 

The Caribbean area ( f i g 1.2) has long been of great i n t e r e s t t o 

geologists and geophysicists, mainly because of i t s complexity, which 

r e s u l t s from the close j u x t a p o s i t i o n of many major s t r u c t u r e s . 

Outstanding among them i s the i s l a n d arc and trench system which forms 

the eastern margin of the Caribbean and i s of especial i n t e r e s t i n t h a t , 

w i t h the exception of the Scotia Arc i n the South A t l a n t i c , i t i s the 

only feature of t h i s type occurring i n the A t l a n t i c . 

The Lesser A n t i l l e s ( f i g 1-3) are a chain of T e r t i a r y volcanic i s l a n d s 

c u r r e n t l y a c t i v e , and behind them at a distance of 230 km t o the west 

l i e s a ridge of uncertain o r i g i n , the Aves Swell. Beyond the Aves 

Swell i s the Venezuelan Basin, one of the two main basins forming the 
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Caribbean, and between i t and the Lesser A n t i l l e s l i e s the Grenada Trough 

Forming the northern margin of the Caribbean are the Greater A n t i l l e s , 

and the southern margin i s bounded by Colombia and Venezuela on the 

northern coast of South America. 

The large negative free a i r g r a v i t y anomaly associated w i t h the 

trench was f i r s t discovered o f f Puerto Rico by Vening-Meinesz i n 1926 and 

subsequently i n v e s t i g a t e d by him and Hess during the 1930s. The A n t i l l e s 

were one of the f i r s t areas to which the tectogene concept of Vening-

Meinesz and Kuenen was applied (Hess, 1938). More recent g r a v i t y work, 

i n c l u d i n g t h a t undertaken by Durham U n i v e r s i t y and the Royal Navy i n 1971 

and 1972, has given a very good coverage of the g r a v i t y f i e l d i n the eastern 

Caribbean. F i g . l . * f shows a free a i r g r a v i t y anomaly map compiled from 

data east of the Lesser A n t i l l e s . The negative anomaly, s i t u a t e d over the 

Puerto Rico Trench i n the north, curves around the outside of the Lesser 

A n t i l l e s running southward u n t i l i t curves i n l a n d east of T r i n i d a d . I n the 

n o r t h of the Lesser A n t i l l e s i t does not f o l l o w the eastern extension of 

the Puerto Rico Trench, but runs between i t and the arc, and i n the southern 

part runs next to the sedimentary Barbados Ridge. 

Venezuelan Basin 

This major basin forms about h a l f the area of the Caribbean and i s 

f a i r l y f l a t bottomed w i t h an average depth of about ^500 m. Seismic 

r e f r a c t i o n and r e f l e c t i o n (summarised by Edgar, Ewing and Hennion, 

1971) w i t h recent JOIDES d r i l l hole r e s u l t s (Edgar, Saunders and others, 

1972) have delineated the c r u s t a l s t r u c t u r e i n some d e t a i l . Seismic 

r e f l e c t i o n showed t h a t a t h i n layer of Quaternary t u r b i d i t e s 

o v e r l i e s two a c o u s t i c a l l y transparent l a y e r s , the 'Carib Beds' which 



Bathymetry and geology of the Lesser A n t i l l e s area. Bathymetric 

contours, at 0.5 km i n t e r v a l s are taken from an unpublished 

United States Government chart and unpublished data c o l l e c t e d by 

NOAA, Miami (G. Peter, personal communication). Geology of the 

Lesser A n t i l l e s i s from Martin-Kaye (1969)1 and that of Venezuela 

and T r i n i d a d i s from Gansser (1973)* 
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are separated by a strong r e f l e c t o r A" and underlain by another 

r e f l e c t o r B". Both these r e f l e c t o r s are smooth and continuous. 

Seismic r e f r a c t i o n showed th a t below these sediments i s a layer about 

1.5 km t h i c k i n which the v e l o c i t y varies between 3-2 and 5.3 km s 1 . 

Under t h i s a layer of v e l o c i t y 6.3 km s" 1 and thickness 2.3 km o v e r l i e s 

a layer of v e l o c i t y 7.3 km s _ 1and thickness k.5 km. The lowest la y e r 

o v e r l i e s the Moho which i s at a depth of j u s t under 13 km underlain by 

mat e r i a l of v e l o c i t y 8.1 km s" 1. The JOIDES r e s u l t s showed t h a t 

r e f l e c t o r A" i s a group of Eocene chert bands a few cm t h i c k and 

d o l e r i t e and basalt were found o v e r l a i n by Cretaceous sediments of the 

Coniacian stage at the l e v e l of B,! (Elsewhere i n the Caribbean, 

Campanian and Santonian ages were determined}. 

Greater A n t i l l e s 

These islands are composed mainly of geosynclinal sediments dating 

from the Jurassic t o the earl y T e r t i a r y ( i n Cuba Palaeozoic rocks may 

be present) and volcanics of Cretaceous t o Mid Eocene age. Typical 

associations are cherts, s p i l i t e s and se r p e n t i n i t e s and there are 

volcanic products of c a l c - a l k a l i n e type, andesites, dacites and 

pyr o c l a s t s . Khudoley and Meyerhoff (1971) consider t h a t by mid Eocene 

times the Greater A n t i l l e s had reached t h e i r present c o n f i g u r a t i o n . 

Sediments of l a t e r T e r t i a r y age are not of geosynclinal type, and those 

of the Miocene are mainly limestones. Major unconformities are 

present i n the Turonian, at the beginning of the l a t e Eocene, and at 

the beginning of the l a t e Miocene. The Greater A n t i l l e s emerged above 

sea l e v e l i n the l a t e Miocene. The age of the Puerto Rico Trench i s 

e i t h e r post mid-Eocene (Monroe, 1968), or post Miocene i f the 



l . * f Free-air g r a v i t y anomaly map of the area east of the Lesser 

A n t i l l e s . Data sources are the 1971 HECLA survey; G. Laving 

(197D; NOAA data provided by L. Dorman and G. Peter; 

Masson Smith, Andrew and Robson, (1970). 
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a c o u s t i c a l l y transparent layer i n the trench i s older than the trench 

(R.L. Chase, page 156 of Khudoley and Meyerhoff, 1968). Although they 

are apparently continuous w i t h the Lesser A n t i l l e s , the Greater 

A n t i l l e s are thought by many authors t o be unrelated t o them 

g e n e t i c a l l y . 

Aves Swell 

This ridge has an average depth of 1 to 2 km, but l o c a l l y 

seamounts r i s e higher, and one emerges above sea l e v e l t o form 

Aves I s l a n d on the northern part of the Swell. The slope of the 

ridge on i t s western side i s remarkably s t r a i g h t , and on the eastern 

side i t tends to f o l l o w the curvature of the Lesser A n t i l l e s . A wide 

v a r i e t y of rock types have been dredged from the Aves Swell. The 

major types are granites, andesites, basalts, volcanic conglomerates 

and breccias, w i t h minor dacites, t u f f s and limestones (Nagle, 1971)-

Granites from the ridge have y i e l d e d i s o t o p i c dates of 89 to 57 my and 

two diabases have given ages of 57 and 60 my (Fox, Schreiber and Heezen, 

1971)• The s u i t e of rocks c o l l e c t e d favours the p o s s i b i l i t y t h a t the 

Aves Swell was once an i s l a n d arc, though i t may have been modified 

subsequently. There i s much evidence f o r v e r t i c a l movement of the 

Aves Swell, i n c l u d i n g a subaerial unconformity found i n hole 1^8 of 

JOIDES Leg XV. 

Grenada Trough 

Lying between the Aves Swell and the Lesser A n t i l l e s , t h i s small 

basin has a remarkably f l a t f l o o r a t a depth of about 2600 metres, and 

contains a considerable thickness of sediment. The sediment i s about 
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7 km t h i c k and the underlying crust i s s i m i l a r t o th a t of the 

Venezuelan Basin, w i t h a layer of v e l o c i t y 6.2 km s 1 underlain by 

a layer of v e l o c i t y 7A km s" 1 ( O f f i c e r and others, 1959)- T h ® 

Mono was not detected. 

Venezuela and Trinidad 

South of the Lesser A n t i l l e s l i e Venezuela and Tr i n i d a d on the 

northern edge of the South American continent. Forming the northern 

c o a s t l i n e of these countries i s a small mountain range composed of 

metamorphosed Mesozoic rocks. South of t h i s range l i e a series of 

Cretaceous and T e r t i a r y sediments which e x h i b i t some f o l d i n g and 

extensive overthrusting towards the south (Barr and Saunders, 1968). 

The southern boundary of the Coast Ranges i s formed by a long 

easterly trending f a u l t ( E l P i l a r ) and the northern boundary appears 

t o be s i m i l a r l y f a u l t e d (Bassinger and others, 1971)- On the 

co n t i n e n t a l shelf north of Venezuela and Tr i n i d a d the island s of 

Margarita and Tobago are composed of Mesozoic metamorphics w i t h 

u l t r a b a s i c rocks and Mesozoic plutons. On Margarita e c l o g i t i c 

amphibolites occur (Maresch, 1973)• D i o r i t e s dredged from the 

con t i n e n t a l shelf have i s o t o p i c ages of about 80 my (Peter, 1971). At 

Carupano on the north coast of Venezuela 20 small dacite plugs occur. 

Gansser, 1973)* These l i e along s t r i k e from the Lesser A n t i l l e s , 

and dated i s o t o p i c a l l y a t 5 my these may be the most southerly expression 

of the Late Miocene to Recent vulcanism of the Lesser A n t i l l e s . 
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Lesser A n t i l l e s 

The Lesser A n t i l l e s are a chain o f volcanic i s l a n d s composed 

predominantly of the products of c a l c - a l k a l i n e v u l c a n i c i t y . The main 

constituent rock types are b a s a l t i c andesites, andesites, forming flows 

and s i l l s ; t u f f s and ashes, many of them water l a i n ; i n t r u s i v e 

d a c i t i c domes and viscous flows; and i n t r u s i v e d i o r i t e s . There are, 

i n f a c t , two i s l a n d arcs which become superimposed south of Martinique. 

I n the north of the chain the more recent, c u r r e n t l y a c t i v e , arc i s the 

more westerly and runs through the islands of Montserrat, St. K i t t s 

and Saba. These volcanics are dated s t r a t i g r a p h i c a l l y as being not 

e a r l i e r than l a t e Miocene, and radiometric dates no older than 7.2 my 

bp have been determined from them (Briden, unpublished data). The 

older arc, which i n the north runs through the isla n d s of Marie Galante, 

Antigua and An g u i l l a , contains no evidence of Miocene or l a t e r 

vulcanism. Lower Miocene and Oligocene sediments, mainly limestones, 

r e s t on the bevelled surfaces of older volcanics mostly of Eocene age. 

At the southern end of the arc, on Grenada, volcanics of the recent 

volcanic episode o v e r l i e the folded Tufton H a l l Formation which i s 

Upper Eocene f l y s c h containing t u f f s of the e a r l i e r volcanic episode. 

On Desirade a l a t e Jurassic date has been obtained f o r an i n t r u s i v e 

trondheimite, and associated s p i l i t e s and keratophyres have y i e l d e d 

dates ranging from 98.6 my bp to kj.k my bp (Fink and others, 1971). 

As w i l l be shown i n chapter 7, the A t l a n t i c Ocean f l o o r i n the region 

of the Lesser A n t i l l e s dates from the e a r l i e s t p e r i o d of seafloor 

spreading i n the North A t l a n t i c , and i t seems l i k e l y t h a t the rocks on 

Desirade are an u p l i f t e d p o r t i o n of the seafloor e x i s t i n g i n the area 

before the i s l a n d arc was formed. The age of the Caribbean basin, 
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at a l i t t l e over 80 my bp, precludes the p o s s i b i l i t y of these 

rocks being the product of an i s l a n d arc since the Caribbean Plate 

must have been i n existence before i s l a n d arcs could be formed on 

i t s margins. 

A general observation on the Lesser A n t i l l e s i s t h a t the 

bathymetry shows th a t the volume of m a t e r i a l above the average l e v e l 

of the ocean f l o o r i s much greater i n the north of the arc. Maybe 

t h i s i s a r e s u l t of greater v u l c a n i c i t y i n the north, or possibly 

the i n c o r p oration of some m a t e r i a l from the Greater A n t i l l e s when the 

arc f i r s t formed. 

A l l the Lesser A n t i l l e s show evidence of Pleistocene t o Recent 

u p l i f t and the f o l l o w i n g estimates (from Martin-Kaye, I969) are based 

on the amount of u p l i f t of Pleistocene limestones. St. Eustatius, 1000 

f t : St. K i t t s , 1150 f t : Dominica, 500 f t : St. Lucia, 250 f t : 

St. Vincent, 1000 f t ? : Grenada, 200 f t : Barbuda, 200 f t . 

St. Lucia 

The rocks exposed on t h i s are mainly volcanic products of the 

newer arc. Older m a t e r i a l , t u f f s and agglomerates w i t h limestone 

lenses, outcrops i n the n o r t h and extreme south of the i s l a n d . I n 

the Soufriere d i s t r i c t there i s fumarolic a c t i v i t y , and nearby, two 

dacite plugs form the Gros and P e t i t Pitons. Geochemical sampling 

reveals (Arculus, Holland, Tomblin, personal communications) t h a t 

St. Lucia has an anomalously high percentage of a c i d i c rocks compared 

w i t h the other islands i n the arc. 
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S t . V i n c e n t 

Only v o l c a n i c rocks o f the l a t e Miocene t o Recent p e r i o d o u t c r o p 

on t h i s i s l a n d , but metasedimentary b l o c k s e j e c t e d from the S o u f r i e r e 

volcano are thought t o be o f an e a r l i e r age. Many o f t h e t u f f s and 

ashes show evidence o f w a t e r l a i n d e p o s i t i o n . The S o u f r i e r e volcano 

erupted c a t a s t r o p h i c a l l y i n 1902, and more r e c e n t l y , i n t h e autumn o f 

1971, a dome rose above the s u r f a c e o f t h e b o i l i n g c r a t e r l a k e , 

accompanied by many e a r t h tremors (Tomblin and o t h e r s , 1972) . 

Barbados 

Barbados l i e s 160 km east o f t h e Lesser A n t i l l e s and i s composed 

e n t i r e l y o f sedimentary r o c k s . The ro c k s are a l l o f T e r t i a r y age, 

but t h e r e may be some e x o t i c b l o c k s o f Cretaceous. Shown i n f i g . 1.5 

i s t h e s t r a t i g r a p h i c t a b l e o f Saunders (1968) and, a l t h o u g h t h e r e 

have been v a r i a t i o n s by o t h e r a u t h o r s on the nomenclature o f some beds 

(Baadsgard, 1960) and the e x t e n t o f Oligocene r o c k s , i t i s h i s scheme 

t h a t i s f o l l o w e d i n d i s c u s s i o n o f Bajan rocks i n t h i s t h e s i s . 

The Lower S c o t l a n d Formation c o n s i s t s o f f l y s c h d e p o s i t s , most 

p r o b a b l y l a i d down i n a deep water environment by t u r b i d i t y c u r r e n t s . 

The upper p a r t o f the f o r m a t i o n , c o n t a i n i n g conglomerates, g r i t s , sands 

and s i l t s , may have been d e p o s i t e d i n somewhat s h a l l o w e r c o n d i t i o n s . 

Fauna and d e t r i t a l metamorphic m i n e r a l s found i n these r o c k s i n d i c a t e 

d e r i v a t i o n from the n o r t h coast o f South America (Senn, 19^+0). The 

Sc o t l a n d Formation i s v e r y s t r o n g l y d i s t u r b e d . The s u r f a c e exposure 

shows a marked north e a s t - s o u t h w e s t s t r i k e t r e n d and the r o c k s are q u i t e 

c l e a r l y m u l t i p l y f o l d e d w i t h much o v e r t u r n i n g o f beds. The e x p l o r a t i o n 
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boreholes o f o i l companies ( t h e r e i s o i l i n t h e S c o t l a n d Formation) 

r e v e a l many o v e r t u r n e d and repeated sequences down t o a depth o f 

V?95 m (Baadsgard, 1960) . These i n d i c a t e t h a t t h e r e are a t l e a s t 

t h r e e superimposed sheets c o n t a i n i n g the same sequence o f f o r m a t i o n s . 

The r o c k s are so h i g h l y d i s t u r b e d t h a t c o r r e l a t i o n between c l o s e 

boreholes i s not p o s s i b l e . Baadsgard invoked l a r g e s c a l e sheet 

displacement f u r t h e r d i s t u r b e d by h i g h angle r e v e r s e , normal and wrench 

f a u l t s t o account f o r the s i t u a t i o n . The r e g u l a r t i g h t f o l d i n g o f some 

areas i s o f a t e c t o n i c o r i g i n , but t h i s i s superimposed on f e a t u r e s 

such as slumping, g r a v i t y f o l d i n g e t c . , contemporaneous w i t h 

d e p o s i t i o n * The r e s u l t i n g s t r u c t u r e i s so complex t h a t an a c a u r a t e 

d e s c r i p t i o n o f i t has not y e t been o b t a i n e d , and more a c c u r a t e d a t i n g 

o f the rocks i s needed be f o r e t h i s c o u l d be attempted. 

The Joes R i v e r Formation, which s t r u c t u r a l l y o v e r l i e s t h e 

S c o t l a n d Formation, c o n s i s t s o f s l i c k e n s i d e d c l a y s and s i l t s w i t h 

i n c l u d e d pebbles and b o u l d e r s , and c o n t a i n hydrocarbons i n the form o f 

t a r and manjak. Baadsgard i n t e r p r e t e d the f o r m a t i o n as a shear zone 

b r e c c i a , but o t h e r a u t h o r s have i n t e r p r e t e d i t as the product o f a 

mud volcano (Senn, 19*JO); mud v e n t s from a n t i c l i n e s e x t r u d i n g f l o w s 

onto t h e s e a f l o o r . Hess considered i t t o be t h e r e s u l t o f submarine 

l a n d s l i d i n g i n t o a t r e n c h . 

L y i n g w i t h s t r o n g u n c o n f o r m i t y on t h e o l d e r beds i s the Oceanic 

Formation, e x t e n d i n g i n age from the upper p a r t o f the Eocene t o 

Lower Miocene. The f o r m a t i o n comprises r a d i o l a r i a n e a r t h s and c a l c a r e o u s 

f o r a m i n i f e r a l m a r l s , and a t h i c k n e s s o f 1500 m has been p e n e t r a t e d i n 

a b o r e h o l e . The lower p a r t o f t h e f o r m a t i o n i s s t r o n g l y r a d i o l a r i a n , 
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w i t h many ash beds i n the Eocene p a r t o f i t . The upper p a r t i s 

mainly f o r a m n i f e r a l . Senn con s i d e r e d these r o c k s t o have been formed 

a t a depth o f 5500 m, whereas Beckmann (1953) from a study o f ben t h o n i c 

fauna thought 1000 t o 1500 m t o be more l i k e l y . Saunders (1968) 

wondered whether " t h e presence o f s i l i c a r i c h water a s s o c i a t e d w i t h 

v o l c a n i c e r u p t i o n s and the absence o f a source o f a p p r e c i a b l e 

t e r r i g e n o u s m a t e r i a l might a l l o w " r a d i o l a r i a n e a r t h s " t o be formed a t 

sha l l o w e r depths than they n o r m a l l y occupy today." 

O v e r l y i n g t h e Oceanics are two Miocene f o r m a t i o n s ; t h e B i s s e x 

H i l l Formation, a l g a l and f o r a m i n i f e r a l l i m e s t o n e s w i t h f o r a m i n i f e r a l 

m a r l s ; and t h e Conset M a r l , f o r a m i n i f e r a l and g l a u c o n i t i c i n p a r t s , 

unconformable on the Oceanics. 

Covering most o f Barbados i s the C o r a l Rock which i s up t o 100 m 

t h i c k and was formed as a s e r i e s o f f r i n g i n g r e e f s about an emergent 

i s l a n d . Some o f t h e o l d e s t t e r r a c e s i n t h e c e n t r e o f the i s l a n d have 

been i s o t o p i c a l l y dated u s i n g the t h o r i u m 250 method (Ku, 1968) and 

gave a maximum age o f 215000 y. 

Barbados Ridge 

Barbados i s t h e h i g h e s t p o i n t on a n o r t h - s o u t h t r e n d i n g r i d g e which 

extends from j u s t n o r t h e a s t o f Tobago i n the sou t h t o east o f 

M a r t i n i q u e i n t h e n o r t h . A l t h o u g h some a u t h o r s d i f f e r on t h e p o i n t 

(Bassinger and o t h e r s , 1971) , t h e r e does not seem t o be any c o n t i n u i t y 

between the r i d g e and s t r u c t u r a l t r e n d s on the c o n t i n e n t a l s h e l f . About 

35 km n o r t h o f Barbados dredge samples o f f l y s c h r o c k s s i m i l a r t o those 

o f t h e S c o t l a n d Formation have been c o l l e c t e d from t h e r i d g e c r e s t 
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( H u r l e y , I 9 6 6 ) . Just t o the south o f Barbados, H u r l e y a l s o dredged 

manganese nodules embedded i n a l i t h i f i e d l i m e s t o n e suspected t o be 

a f a c i e s o f the upper Oceanic or Bissex H i l l f o r m a t i o n s . Between 

Barbados and Tobago s e v e r a l core samples ( l o n g e s t : 12.07 m) have been 

taken from t h e uppermost sediments (Ramsay, 1968) . These cores a l l 

c o n t a i n e d Quaternary l u t i t e s , except one which c o n t a i n e d Upper Miocene 

f o r a m i n i f e r a l l u t i t e s . A l l the cores c o n t a i n e d reworked Eocene 

n a n n o f o s s i l s . 

A t l a n t i c Ocean f l o o r east o f the Lesser A n t i l l e s 

The area has been i n v e s t i g a t e d by s e v e r a l workers i n t h e p a s t 

few y e a r s , and a number of seimic r e f l e c t i o n r e c o r d s have been 

c o l l e c t e d from i t ( C o l l e t t e and o t h e r s , 1969; Kane 9 C r u i s e , 

Chase and Bunce, 1969) . These show t h a t t h e sediments, which o v e r l i e 

an a c o u s t i c basement o f i r r e g u l a r topography, t h i c k e n towards t h e 

south and towards the west. T u r b i d i t e s from South America c o n t r i b u t e 

g r e a t l y t o the t h i c k n e s s i n the south where t h e a c o u s t i c basement i s 

not d e t e c t e d and p e n e t r a t i o n i s g r e a t e r t h a n two seconds r e f l e c t i o n 

t i m e . 

A JOIDES h o l e (Hole 27 o f Leg IV, Bader and o t h e r s , 1970) d r i l l e d 

s outh o f Barracuda Ridge showed t y p i c a l deep sea c l a y s t o a depth 

of *+00 m below the sea f l o o r . At depths o f 67 and 70 ra two sandy s i l t 

t u r b i d i t e s o f Pli o c e n e age appear t o be r e s p o n s i b l e f o r the s t r o n g 

r e f l e c t o r which had been p r e v i o u s l y assumed t o be H o r i z o n A. At s i t e s 

23 and 2^, f u r t h e r e ast, t h e "Horizon A" r e f l e c t o r was due t o Middle 

Miocene t u r b i t e s . Nowhere i n t h i s area were t h e Eocene c h e r t bands, 
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which form H o r i z o n A i n the N o r t h A t l a n t i c , found by JOIDES. These 

r e s u l t s emphasise the d i f f i c u l t i e s and e r r o r s i n h e r e n t i n t h e 

i d e n t i f i c a t i o n o f r e f l e c t i n g h o r i z o n s by e x t r a p o l a t i o n from areas 

where they have been i d e n t i f i e d p r e v i o u s l y . A lower r e f l e c t o r a t s i t e 

27 which might i n o t h e r circumstances have been c o r r e l a t e d w i t h 

H o r i z o n Beta, seemed t o r e s u l t from t h i n t u r b i d i t e s o f Miocene age. 

At V?5 t o h75 m depth, r a d i o l a r i a n r i c h c a lcareous sediments 

s t r i k i n g l y s i m i l a r i n l i t h o l o g y and age (Upper Eocene) t o the lower 

p a r t o f t h e Oceanic Formation o f Barbados were d i s c o v e r e d . A h a r d 

calcareous c l a y s t o n e or impure limestone found a t the base o f these 

sediments may be the a c o u s t i c basement. T h i s bed has d i p s o f 2k° and 

may be unconformable w i t h t h e upper Oceanic c o r r e l a t i v e s . I t i s 

p o s s i b l e , however, t h a t an u n c o n f o r m i t y may e x i s t s e v e r a l metres below 

t h i s r o ck and form t h e a c o u s t i c basement. 

Seismic r e f r a c t i o n (Ewing and o t h e r s , 1957) found a t o t a l 

sediment t h i c k n e s s o f n e a r l y 3 km (main l a y e r o f v e l o c i t y 2.2 km s 

i n t h e r e g i o n east o f the Lesser A n t i l l e s , o v e r l y i n g a c r u s t which i s 

o f a normal oceanic t y p e , w i t h t h e e x c e p t i o n t h a t Layer 2 v e l o c i t i e s 

were not d e t e c t e d . 
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Chapter 2 

C o l l e c t i o n and reduction of bathymetric, g r a v i t y and magnetic data 

Navigation 

The p r i n c i p a l n a v i g a t i o n a l a i d for the g r a v i t y , magnetic and 

seismic r e f l e c t i o n survey of 1971 was the Decca Lambda System. T h i s 

i s a radio n a v i g a t i o n a l system using phase comparisons to determine 

the range of the ship from two radio s t a t i o n s a t known p o s i t i o n s . I t 

i s s i m i l a r to the commercial Decca system except that the master s t a t i o n 

i n s t e a d of being s i t u a t e d at a permanent s t a t i o n on land, i s c a r r i e d on 

the s h i p . The chart drawn up for navigation i n the chosen area 

c o n s i s t s of two s e t s of concentric c i r c l e s ( l a n e s ) about the two slave 

s t a t i o n s rather than the hyperbolic pattern of the normal Decca system. 

The ship i s always at the e f f e c t i v e b a s e l i n e of the system, and because 

of t h i s i t i s generally more accurate than normal Decca, with an 

accuracy i n range from a slave s t a t i o n of about 10 m. The p o s i t i o n s 

of the s l a v e s t a t i o n s for the survey were at the southern t i p of 

S t . L u c i a and the northern point of Tobago, which gave a good cut 

between the concentric lane c i r c l e s drawn about them i n most of the 

area. 

The Lambda system, though very accurate, has a tendency to 

'jump' lanes, e s p e c i a l l y around dawn and dusk. To check for t h i s and 

to a ct as a back-up system, a s a t e l l i t e navigator was used. I n the 

v i c i n i t y of S t . Vincent, where the cut between the Lambda l i n e s was 

poor, an Alpine radar transponder, s i t u a t e d a t a t r i g , point near 

S o u f r i e r e , was used i n conjunction with a p r e c i s i o n ranging attachment 



2.1 Track chart of HMS HECLA for 1971 survey, east of the L e s s e r 

A n t i l l e s , Shows days on which the l i n e s were run and type 

of data c o l l e c t e d . 
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on t h e r a d a r . 

F i x e s were taken every t e n minutes and p l o t t e d on t o p l a s t i c 

f i x - p l o t c h a r t s l a y e d over t h e Lambda g r i d . I f l a t e r , s a t e l l i t e o r 

some o t h e r n a v i g a t i o n a l a i d i n d i c a t e d t h a t a l a n e s h i f t had o c c u r r e d 

u n n o t i c e d , the time o f t h e s h i f t was i n v e s t i g a t e d and the f i x e s 

r e p l o t t e d from t h a t t i m e . The shij?s speed on l i n e s o f o n l y g r a v i t y 

and magnetic measurements was 10-5 k n o t s . The c h a r t s a re the prime 

source n a v i g a t i o n a l data, because a l t h o u g h the Lambda p o s i t i o n s were 

logged a u t o m a t i c a l l y on paper tape, the tapes were not c o r r e c t e d f o r 

lane s h i f t s o r areas were n a v i g a t i o n was not o n l y by Lambda. 

A permatrace copy o f the f i x - p l o t c h a r t s was made by the w r i t e r 

i n t h e s h i p , and the p o s i t i o n s used f o r data a n a l y s i s were taken from 

t h i s . The s c a l e o f t h i s c h a r t i s 1:200000 and the p o s i t i o n s were 

p i c k e d t o t h e n e a r e s t t w e n t i e t h o f a minute o f a l a t i t u d e o r 

l o n g i t u d e . A t r a c k c h a r t compiled from the f i x - p l o t c h a r t i s shown 

i n f i g . 2.1. T h i s and a l l o t h e r survey c h a r t s are p l o t t e d on a 

U n i v e r s a l Transverse Mercator P r o j e c t i o n about a c e n t r a l m e r i d i a n a t 

59°W ( C l a r k ' s 1866 f i g u r e o f the E a r t h ) . F u l l d e t a i l s o f n a v i g a t i o n 

are g i v e n i n HMS HECLA "Return o f geodetic data - Approaches t o t h e 

Windward I s l e s . 1971". 

Bathymetry 

Depths t o t h e seabed were o b t a i n e d u s i n g a K e l v i n Hughes 

p r e c i s i o n depth r e c o r d e r . The t r a n s d u c e r f o r the system was i n a 

' f i s h ' towed a l o n g s i d e on a boom. The bathymetry shown i n f i g . 2.2 i s 

drawn from u n c o r r e c t e d depths o b t a i n e d u s i n g a sounding v e l o c i t y o f 



2.2 Bathymetry; uncorrectedcfepths f o r a sounding v e l o c i t y o f 

1500 metres per second. 
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1500 m s and p i c k e d a t two minute i n t e r v a l s , or l e s s , from t he 

continuous r e c o r d s . 

G r a v i t y 

V a r i a t i o n s i n g r a v i t a t i o n a l a t t r a c t i o n were measured w i t h 

Askania Sea Gravimeter Gss-2 no. 18, operated i n manual mode. The 

g r a v i t y measured was reduced t o a f r e e - a i r anomaly by the s h i p ' s 

s c i e n t i f i c o f f i c e r , L t . Cdr. J. C o n o l l y , u s i n g a s t a n d a r d computer 

program, Mangra Mk 3* T h i s anomaly was not c o r r e c t e d f o r g r a v i m e t e r 

d r i f t o r meter h e i g h t . The Eotvos c o r r e c t i o n was c a l c u l a t e d from t h e 

course and speed averaged over t h r e e successives f i x e s (30 m i n u t e s ) . 

The d i s t a n c e s between f i x e s are g i v e n t o the nearest t e n t h o f a 

n a u t i c a l m i l e and i f they are s y s t e m a t i c a l l y over or under e s t i m a t e d , 

e r r o r s approaching *f.5 mgal c o u l d be i n t r o d u c e d . 

A s m a l l computer taken on t h e survey t o c a l c u l a t e t h e e r r o r s due 

t o t h e c r o s s c o u p l i n g e f f e c t was found t o be i n c o m p a t i b l e w i t h t h e 

gra v i r a e t e r , even though i t had been s u p p l i e d s p e c i f i c a l l y f o r t h a t t y p e 

of meter by t h e manufacturers. Hence no q u a n t i t a t i v e e s t i m a t e o f t h e 

e r r o r s due t o t h e cross c o u p l i n g e f f e c t was o b t a i n e d . Weather 

c o n d i t i o n s , however, were v e r y f a v o u r a b l e d u r i n g t h e survey, and i t i s 

u n l i k e l y t h a t c r oss c o u p l i n g had any l a r g e e f f e c t . The l i n e showing 

t h e worst crossover e r r o r s (7.0, 7.2 and 8-5 mgal) may have been one on 

which cross c o u p l i n g had a s i g n i f i c a n t e f f e c t . 

G r a v i t y t i e s t o base s t a t i o n s e s t a b l i s h e d by Masson Smith and 

Andrew (I965) were made u s i n g a Worden g r a v i m e t e r , and d e t a i l s o f these 

are g i v e n i n appendix 2.1. The g r a v i m e t e r d r i f t o b t a i n e d from these 



Gravimeter d r i f t ; B = Bridgetown, Barbados; C = C a s t r i e s , 

S t . L u c i a ; K = Kingstown, S t . Vincent. 

Gravity crossover e r r o r s . North-south l i n e s minus east-west 

l i n e s . Mean i s not s i g n i f i c a n t l y d i f f e r e n t from zero. The 

standard e r r o r i s mgal, or 2.7 mgal i f the data shown with 

opposite diagonal ornament i s ommitted. 
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t i e s i s shown i n f i g , 2.3-

G r a v i t y data were taken from t he survey i n paper tape form, 

accompanied by the p r i n t o u t s o f the Mangra Mk 3 program. These data 

were t r a n s l a t e d and p u t on punch cards (program C2.1). The cards 

were e d i t e d t o remove o r c o r r e c t e r r o r s i n the d a t a . F o l l o w i n g t h i s 

t h e g r a v i t y d a ta were i n c o r p o r a t e d w i t h t h e n a v i g a t i o n a l and 

ba t h y m e t r i c data, and c o r r e c t e d f o r meter h e i g h t and d r i f t (program 

C2.2). The f r e e - a i r g r a v i t y map produced i s shown i n f i g 2.5# 

A hi s t o g r a m o f the crossover e r r o r s ( d i f f e r e n c e i n g r a v i t y v a l u e 

between n o r t h - s o u t h l i n e s and east-west l i n e s where they c r o s s ) i s 

shown i n f i g . 2.4. The b l o c k shaded i n an opposite manner t o the r e s t 

of t h e diagram r e p r e s e n t s the crossover values on the s h o r t n o r t h - s o u t h 
o ' 

l i n e a t 57 30 W, where cross c o u p l i n g e r r o r s may be s i g n i f i c a n t . 

W i t h t h i s l i n e i n c l u d e d t h e mean e r r o r i s -1.1 mgal and t h e stand a r d 

e r r o r o f t h e d i s t r i b u t i o n i s 3*̂  mgal, w i t h i t excluded t h e mean e r r o r 

i s -0.27 mgal and t h e standard e r r o r i s 2.7 mgal. N e i t h e r o f t h e means 

i s s i g n i f i c a n t l y d i f f e r e n t from zero (Student t t e s t a t 93% c o n f i d e n c e ) . 

To estimate t he probable magnitude o f e r r o r B a r i s i n g from t h e 

measurement and r e d u c t i o n o f the g r a v i t y data, f r e e - a i r anomaly v a l u e s 

were low pass f i l t e r e d (program C2.3) u s i n g as a c u t o f f frequency t h a t 

produced by a l i n e mass a t 2 km depth. T h i s i s h i g h e r t h a n expected 

from any n a t u r a l source, because the water depth i s u s u a l l y g r e a t e r 

than 2 km. The r e s i d u a l s h o r t wavelength anomalies o b t a i n e d were no 

g r e a t e r than 3 mgal and g e n e r a l l y f a r l e s s . 

Bouguer anomalies were d e r i v e d from the f r e e - a i r g r a v i t y and 



Free-air g r a v i t y anomaly map. 
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bathymetric data using a modified version of GRAVN (A Durham computer 

program, M.H.P. Bott , 1968) to calcul a t e the e f f e c t of the bathymetric 

r e l i e f along each l i n e . Two maps were produced; one ( f i g . 2.6) f o r 

a density of 2.0 gm cnf^, which i s the density of sediments on 

Barbados determined by Masson Smith and Andrew (1965); the other 

( f i g . 2.7) f o r a density of 2.67 gm cnf^, which i s the most commonly 

assumed average c r u s t a l v e l o c i t y . Comparison of Bouguer anomalies f o r 

many densities over topographic features of a sedimentary nature 

in d i c a t e s t h a t 2.1 gm cm~"̂  i s probably the average sedimentary density 

(Nettleton's Method). 

Magnetics 

Values of the t o t a l i n t e n s i t y of the magnetic f i e l d , t o the 

nearest gamma, were obtained using a Barringer Research Associates 

marine proton magnetometer, and logged every minute on paper tape and 

t e l e p r i n t e r paper by HMS HECLA's automatic data logging system. The 

magnetic values were extracted from the tape (program CZ.k) at the 10 

minute f i x times, f o r most of the survey area, and at 1 minute 

i n t e r v a l s i n the region of the i s l a n d arc, where the wavelengths of the 

anomalies are shorter. F i g . 2.8 i s the map of the measured magnetic 

f i e l d . 

To obtain the magnetic anomaly, the I n t e r n a t i o n a l Geomagnetic 

Reference F i e l d (I.G.R.F) (1965 epoch, I.A.G.A, 1969) was subtracted 

from the measured values using the Cambridge program REGMAG. When t h i s 

was done i n i t i a l l y i t was found t h a t differences at crossovers were i n 

some cases unacceptably l a r g e , being as much as 60 gammas. This was 



2.6 Bouguer g r a v i t y anomaly map. Correction density i s 2.0 

-3 
gm cm . 
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2.7 Bouguer gravity anomaly map. Correction density i s 2.67 gm cm 
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suspected to be due t o d i u r n a l and solar storm e f f e c t s , and accordingly 

magnetograms f o r the period covered by the survey were obtained from 

the nearest geomagnetic observatories, San Juan, Puerto Rico, and 

Paramaribo, Surinam. On c e r t a i n days the magnetograms show disturbances 

of considerable amplitude. These disturbances were corrected f o r by 

subtracting from the measure magnetic values the expected values obtained 

from the magnetograms, using a weighted mean based on distance from the 

s t a t i o n . 

The observatories are separated i n longitude so between them 

there i s a phase s h i f t i n the d i u r n a l p a r t of the disturbance. Roden 

and Mason (1965) have considered t h i s problem, and t r i e d separating 

the d i u r n a l and storm e f f e c t , and c o r r e c t i n g the measured values 

accordingly. By comparing the synthesised v a r i a t i o n w i t h the a c t u a l 

measured v a r i a t i o n at an intermediate p o s i t i o n , they found t h a t a 

weighted average technique was equally good, i f not b e t t e r i n some 

cases. I n t e r p o l a t i o n of the f i e l d v a r i a t i o n between the two observatories 

w i t h respect to l a t i t u d e would seem, i n i t i a l l y , t o be best accomplished 

by r e l a t i n g i t to the v a r i a t i o n i n amplitude of the h o r i z o n t a l and 

v e r t i c a l components of the d i u r n a l f i e l d (Matsushita, I967) predicted 

from world wide data. The phase of the h o r i z o n t a l component at San Juan, 

however, i s not always the same as t h a t at Paramaribo. Because of 

t h i s and the absence of a predicted f i e l d f o r the storm v a r i a t i o n s , a 

s t r a i g h t f o r w a r d e m p i r i c a l c o r r e c t i o n was used. I t might not give a 

completely accurate expression of the v a r i a t i o n i n the f i e l d , but i s 

l e a s t l i k e l y t o introduce a r t i f i c i a l e r r o r s . 

The magnetograms were d i g i t i s e d using a DMAC t a b l e and from them 



Map of the measured t o t a l i n t e n s i t y magnetic f i e l d . 
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2.9 T o t a l i n t e n s i t y magnetic anomaly map. IGRF and solar 

magnetic e f f e c t s have been removed. 
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values at ten minute i n t e r v a l s were produced ( C 2 . 5 ), given w i t h respect 

t o a base value which was the average value on a quiet day ( 1 1 0 ) , 

adjusted f o r secular v a r i a t i o n . The measured magnetic values were 

combined w i t h the other data, and reduced to a t o t a l f i e l d magnetic 

anomaly by removal of the IGRE and co r r e c t i o n f o r magnetic 

disturbances, using the programs described i n appendix C 2 . 6 . The 

t o t a l i n t e n s i t y magnetic anomaly map i s shown i n f i g . 2 . 9 * The average 

value of the anomaly i s about -230 gammas. The negative value of the 

anomaly i s common i n the eastern Caribbean (Kearey, Peter, 1971) and 

r e f l e c t s an inconsistency i n the IGRF. 

Correction f o r solar magnetic disturbances improved the 

crossover e r r o r s considerably, and a histogram of the magnetic 

crossovers i s shown i n f i g . 2 , 1 0 . The mean i s 12-5 gammas and the 

standard e r r o r i s 11 .3 gammas. The mean i s s i g n i f i c a n t l y d i f f e r e n t 

from zero at greater than 99 -9$ confidence, and shows th a t values 

measured on north-south l i n e s are co n s i s t e n t l y higher than those on 

east-west l i n e s . This suggests t h a t the magnetometer was too close 

to the ship, as one expects reinforcement of the f i e l d when the ship i s 

nor t h or south of the magnetometer and diminution when i t i s east or 

west of the magnetometer. The streaming of the magnetometer was 

ca r r i e d out by the ship's crew, and the distance t h a t i t was towed 

astern was reported to be greater than two ship's lengths. 

I n any fu t u r e i n v e s t i g a t i o n near the A n t i l l e s i t would be 

prudent t o set up a magnetometer s t a t i o n on one of the island s i n , or 

near t o , the survey area, t o monitor d i u r n a l and magnetic storm 

disturbances of the Earth's f i e l d . 



2 .10 Magnetics crossover e r r o r s . North-south l i n e s minus east-

west l i n e s . The mean value i s 12 .5 gammas and i s s i g n i f i c a n t l y 

d i f f e r e n t from zero at 99.9% confidence. The standard e r r o r 

i s 11 .3 gammas. 
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Chapter 3 

Seismic r e f l e c t i o n and r e f r a c t i o n 

Seismic R e f l e c t i o n 

V e r t i c a l incidence r e f l e c t i o n p r o f i l e s 

Seismic r e f l e c t i o n p r o f i l e s were obtained on the l i n e s i n d i c a t e d 

i n f i g . 2.1. The sound source used f o r the p r o f i l i n g was one or two 

a i r guns of 17^.5 crn^ capacity, designed and b u i l t a t Durham U n i v e r s i t y 

under the supervision of Mr. J. H. Peacock. Two guns were mounted 

on a frame which was towed at a depth of 10 m from the a f t e r d a v i t on 

the s h i p f s quarterdeck. The towing speed was 6 knots. The maximum 

operating pressure of the guns i s ̂ 000 p s i , but because of compressor 

d i f f i c u l t i e s they were normally operated a t 3000 to 3500 p s i , and f o r 

the same reason, usually only one gun was run at a time. The f i r i n g 

p e r i o d f o r the guns was 21 s. 

Reflected a r r i v a l s were received by a F l e x o t i r array streamed 

astern at a depth of 10 m. The array was made up of two 60 m long a c t i v e 

sections, kO m long, preceded by an i n a c t i v e header section 100 m long 

and followed by another i n a c t i v e section kO m long. The whole was 

towed on a 130 m long cable, and the t a i l was attached t o a marker 

buoy by 50 m of rope. The array was handled using the ster n capstan, 

s u i t a b l y enlarged by the a d d i t i o n of wooden blocks and wedges held on 

by t h i n s t e e l bands. The arrangement of the a c t i v e sections was such 

t h a t the records from them could be common depth p o i n t stacked. 

Signals from the a c t i v e sections of the array were recorded 
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u n f i l t e r e d on separate tracks on a magnetic tape, together with a 

time code, the gun f i r i n g sequence, and data on gun pressure, gun 

depth and array depth. Concurrent with the recording on magnetic tape, 

a f i l t e r e d signal from one active section was played out on Linagraph 

direct p r i n t paper by a variable area recorder. 

When the magnetic tape was replayed through the variable area 

recorder i n the laboratory, the horizontal scale was halved to give 

more condensed records. The two channels were replayed separately, and 

also replayed summed, which gave better records from the deep water 

areas. The records were bandpass f i l t e r e d , usually between 20 Hz and 

60 Hz, but some narrower bands were t r i e d , i n order to enhance some 

of the deeper refle c t o r s . 

The positions of the reflectors on the clearest examples of the 

records were di g i t i s e d using the DMAC table, and redrawn to a uniform 

reduced scale by the program described i n appendix C3*l. The l i n e 

dawings of the r e f l e c t i o n records produced by t h i s method are 

presented i n chapter k. 

Wide angle r e f l e c t i o n 

Several attempts were made at obtaining the velocity layering of 

the sediments by measuring the wide angle reflections from the airguns, 

using sonobuoys. The technique i s described by Le Pichon, Ewing and 

Houtz (1968). The attempts were mostly unsuccessful, because contact 

with the sonobuoy was lost soon after i t had been dropped overboard. 

The reasons for t h i s were that there was an open c i r c u i t i n the lead to 

the a e r i a l and that the receiver overheated. One good record showing 

f i v e sub-bottom r e f l e c t o r s , was obtained from the Tobago Trough. 



23 

The Tobago Trough record was analysed, using two computer 

programs. One i s an adaption by A.G. McKay of a program by X. Le 

Pichon, which uses a modified T2/X2 solution (Le Pichon, Ewing and 

Houtz, 1968). The other i s an i t e r a t i v e method which models the 

seismic structure and obtains the optimum f i t of the calculated 

r e f l e c t i o n times to the observed r e f l e c t i o n times, using a non-linear 

optimisation routine ("MINuTT", James and Roos, 1969)- The variable 

parameters were the depth and dip of each re f l e c t o r and the 

velocity of sound i n the immediately overlying layer. The program 

i s described i n appendix C3.2. Data was entered i n to both programs 

by d i g i t i s i n g the playouts from the variable area recorder. 

The r e l a t i v e performances of these programs were compared 

i n i t i a l l y on several wide angle r e f l e c t i o n records obtained by Durham 

University i n the North A t l a n t i c , and there was close agreement between 

the results. The advantages of the optimisation program are that the 

velocitie s obtained for the lower layers are not so badly affected by 

a poor determination for an overlying layer and the parameters may be 

fixed to values obtained by other methods, such as seismic r e f r a c t i o n . 

Sediment velocities i n the Tobago Trough, from wide angle r e f l e c t i o n . 

Le Pichon Program Optimisation Program 

Velocity Thickness Dip SE of f i t Velocity Thickness Dip SB of f i t 
1.52 2.54 0.0 0.135 1.50 2.52 0.0 0.012 
2.14 0.268 0.0 0.038 1.54 0.19 0.0 0.019 
1.65 0.225 0.0 0.005 1.55 0.22 0.0 0.019 
1.59 0.429 0.0 0.042 1.90 0.48 1.1E 0.013 
2.35 0.437 0.0 0.006 2.49 0.47 1.0E 0.009 
2.48 0.305 0.0 0.016 2.51 0.34 0.0 0.022 



D i f f i c u l t y was encountered i n determining a reasonable value f o r 

the v e l o c i t y of the uppermost sediment l a y e r . When the Le Pichon 

program was run the f i r s t time on the data a v e l o c i t y of 1.̂ 5 km s 

was obtained f o r the top sediment layer (other l a y e r v e l o c i t i e s i n 

th a t run were 1.58, 1.88, 2.̂ +2 and 2.^8). This was thought t o be too 

low, being below the lowest values a c t u a l l y measured i n deep sea 

sediments (Horn and others, 1968). The data were digitised again, 

t a k i n g more care over the 'picks 1 f o r the second r e f l e c t o r , and the 

r e s u l t s given above were obtained. I n these the v e l o c i t y i n the top 

layer i s unreasonably high, but the standard e r r o r f o r the water 

layer i s lower than i n the previous run. V e l o c i t i e s obtained by the 

o p t i m i s a t i o n program f o r the top sediment layer were a l l too low, 

and t h a t given above was obtained by imposing the c o n d i t i o n that the 

v e l o c i t y must be greater than 1.5 km s \ No v e l o c i t y inversions 

were produced by the opt i m i s a t i o n program. The d i f f i c u l t y may a r i s e 

from there being several r e f l e c t o r s of a semi-continuous nature, 

rather than one continuous r e f l e c t o r . The v e r t i c a l incidence r e f l e c t i o n 

p r o f i l e lends some support t o t h i s view. 

Seismic Refraction 

As p a r t of the Lesser A n t i l l e s Seismic Project (LASP) the NOAA 

Ocean Survey Ship DISCOVERER, a c t i n g as a re c e i v i n g ship, occupied two 

po s i t i o n s ( h i and h2, f i g . 3.1) on a l i n e of shot p o i n t s extending 

eastward from St. Vincent t o the A t l a n t i c Ocean. Given below i s a 

de s c r i p t i o n of the hydrophone system used on DISCOVERER and the 

r e s u l t s obtained from i t . F u l l d e t a i l s are given i n the logbook. The 

technique i s s i m i l a r t o t h a t described by Shor (1963). 
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Equipment 

Two C l e v i t e (Type CS-1331LAF) hydrophones and pre-amp. modules, 

w i t h a f l a t range frequency response of 2 Hz to 10 kHz, acted as 

detectors. The signals from these were passed through two separate 

a m p l i f i e r s and recorded on separate tracks of a k t r a c k magnetic 

tape by an FM tape recorder. Recorded on a t h i r d t r a c k was the 

output from a d i g i t a l clock, g i v i n g the time to tenths of a second, 

and on the f o u r t h t r a c k were W.W.V., broadcasts from the shooting 

ship and i d e n t i f i c a t i o n by voice of the shot number and time. The 

tape speed was 3*75 inches per second. The noise on the hydrophones was 

monitored using an oscilloscope and an A.C. microvoltmeter (frequency 

range 1 Hz - 3 MHz). A block diagram of the system i s shown i n 

f i g . 3-2. 

The hydrophones were suspended i n the water at depths of 30m and 

60 m, a distance of 500 m from the ship (maximum). The method of 

suspension ( f i g . 3»2) was as f o l l o w s . A nylon rope, w i t h a heavy lead 

sinker at one end, was attached to a large buoy. Fixed to the rope were 

the cables to the hydrophones leading o f f at 30 m and 60 m to n e u t r a l l y 

buoyant sections, suspended by spherical f i s h i n g f l o a t s , at the end of 

wljich were the hydrophones. The spacing of f l o a t s on the n e u t r a l l y 

buoyant sections was designed to reduce the amount of wave movement 

transmitted to the hydrophones from the v e r t i c a l rope beneath the buoy. 

The weight borne by each f l o a t i f i t i s i n e q u i l i b r i u m i s equal to the 

weight of h a l f the loop of cable e i t h e r side plus the balancing weight 

attached t o i t . I f one f l o a t moves up or down, the amount of cable 

supported by the adjacent buoy i s a l t e r e d , causing i t to move also. 



Diagram showing the l i s t e n i n g c o n f i g u r a t i o n of DISCOVERER, 

to scale, w i t h the d e t a i l of the hydrophone suspension 

system, and a block diagram of the equipment. 
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By successively decreasing the lengths of the cable loops the amount of 

movement passed along i s decreased, provided t h a t the amplitude o f 

movement does not take the cable out of a catenary s i t u a t i o n . 

The buoyancy of the n e u t r a l sections was adjusted i n the water 

before leaving harbour. S u f f i c i e n t weights were added to each f l o a t 

t o make the whole system very s l i g h t l y n egatively buoyant, w i t h the 

f l o a t s l e v e l w i t h each other. I n t h i s c o n d i t i o n the section w i l l not 

sink, because as the f l o a t s descend more o f the weight of the f i r s t 

cable loop i s put on the standing rope u n t i l e q u i l i b r i u m i s achieved. 

Connecting the hydrophone suspension system t o the ship was a 

buoyant armoured cable 200 m long, jo i n e d t o 300 m of armoured towing 

cable (loaned by NOAA, Miami) f l o a t e d by small expanded polystyrene 

f l o a t s fastened every 1.3 m along i t . 

Operation 

The seismic experiment was run at night so that c u l t u r a l noise a t 

the land s t a t i o n s would be at a minimum. Radio broadcasts from the 

shooting ship, HMS HECLA, were received throughout the experiment, 

and from them operation of the hydrophone system was synchronised w i t h 

shooting. 

At both the p o s i t i o n s occupied by DISCOVERER, she anchored by the 

s t e r n , i n 4^20 and 2180 metres of water, using a Danforth anchor 

connected by a short length of chain t o the deep sea core cable. The 

hydrophones were payed out from the bow of the ship. Attached t o the 

l a s t p a r t of the hydrophone cable was 100 m of polypropylene buoyant 
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rope f o r p u t t i n g slack i n the system when required. This rope was 

hauled i n a f t e r the a r r i v a l s from a shot had been received and i f the 

noise on the hydrophones, due to drag through the water, was high 

when the next shot was due, the rope was released a few seconds 

before the shot was expected to detonate. The free movement obtained 

by allowi n g the hydrophones to move w i t h the water, reduced the noise 

considerably. Occasionally the d r i f t of the system and the ship was 

such that slacking was not required. While the ship was at anchor, 

only the ship's service generator was running and consequently 

general noise from the ship was low. 

At each r e c e i v i n g p o s i t i o n several good f i x e s were obtained from 

the s a t e l l i t e navigator, and so the p o s i t i o n of the hydrophones was 

w e l l determined w i t h an accuracy of b e t t e r than 0.4 km, a l l o w i n g f o r 

some d r i f t from t h e i r expected p o s i t i o n r e l a t i v e t o the ship. 

Results 

West of hydrophone p o s i t i o n h i , a r r i v a l s were detected from 

shots up to no. 37? which was the most westerly shot f i r e d while 

DISCOVERER was at h i . Detonation times f o r the shots were provided 

by J. Sunderland. The t r a v e l time graph p l o t t e d from these a r r i v a l s i s 

shown i n f i g . 3«3* The p o s i t i o n s of the shots were determined by the 

shooting ship, using t a u t wire measuring gear i n conjunction w i t h 

s a t e l l i t e navigation, and radar near land. Preliminary analysis 

found t h a t the ranges calculated from the given p o s i t i o n s (using 

program Distaz, C3.3) d i d not correspond to the ranges i n d i c a t e d by 

the times of a r r i v a l of the water wave. The shot p o s i t i o n s were 



Travel time graph f o r the hydrophone p o s i t i o n h i - Numbers 

against the a r r i v a l s i n d i c a t e the shot i d e n t i f i c a t i o n 

numbers-
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adjusted along the ship's trac k t o give the ranges i n d i c a t e d by the 

water wave a r r i v a l times. Beyond the point where the amplitude of 

the d i r e c t water wave was too small to be e a s i l y d i s t i n g u i s h e d , the 

shot positions were adjusted by comparing the bathymetry recorded by the 

shooting ship w i t h t h a t measured i n the survey the previous year, 

when the p o s i t i o n s were given by Lambda. The d i r e c t water wave i s 

a short high frequency a r r i v a l which precedes the long t r a i n of large 

amplitude waves, which are a combination of channel waves, r e f r a c t i o n s 

through the water and r e f l e c t i o n from the bottom (Tucker and Gazey, 

1966). F i g . 3-*+ i s an example of the records obtained showing the 

p r i n c i p a l a r r i v a l s . Following the d i r e c t water wave i s another 

s i m i l a r a r r i v a l which may be a bubble pulse. 

V e l o c i t i e s were determined from the a r r i v a l times and corrected 

f o r e f f e c t s due to bathymetry by the program described i n appendix 

C3-6. The value used f o r the sediment i n the bathymetry c o r r e c t i o n was 

2.Mf km s \ Before c o r r e c t i o n , the apparent v e l o c i t i e s observed at 

h i were 8.05? 6 .9^ and 2 .5^ km s • A f t e r c o r r e c t i o n the f o l l o w i n g 

v e l o c i t i e s were obtained. 

7.79 + 0.19 km s" 1 i n t e r c e p t 10.19 + 0.37s s.e. of f i t 0.20 s 

6.61 + 0.06 km s" 1 i n t e r c e p t 9 .0^ + 0.05 s " " " 0.03 s 

2.45 + 0.09 km s" 1 i n t e r c e p t 5-02 + 0.060 s " " " 0.22 s 

At the two re c e i v i n g s t a t i o n s on Barbados, operated by personnel 

from the Department of Geology at Leicester U n i v e r s i t y , St. P h i l l i p ' s 

and Cole's Cave, no v e l o c i t i e s greater than 3*9 km s"^ were determined 

and c o r r e l a t a b l e a r r i v a l s were not observed east of shot 37. 

Consequently a reversed p r o f i l e was not obtained east of Barbados. 
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There are several reasons why the r e s u l t s from Barbados were 

poor. Many of the shots were not recorded, because of various 

accidents. Sea noise from the coast was quit e high, and at the 

s t a t i o n where most shots were recorded, the si g n a l was passed 

through a low cut f i l t e r w i t h a c u t o f f frequency at 3Hz. This i s i n 

the range of the expected s i g n a l frequency and the d e s t r u c t i v e e f f e c t 

of the f i l t e r on the a r r i v a l s can be seen c l e a r l y as the range from 

the s t a t i o n increases. L a s t l y , the great thickness of sediment below 

Barbados and the very complicated nature of the str u c t u r e may absorb 

and d i f f r a c t the a r r i v a l s from the basement s u f f i c i e n t l y t o reduce t h e i r 

amplitude below t h a t of the noise. 

Other, shorter, reversed seismic refraction measurements have been 

made nearby by Ewing and others (1959) ( f i g 3-1)- These obtained 

lower c r u s t a l layer v e l o c i t i e s of 6*64- to 6.77 km s and sub-Moho 

v e l o c i t i e s of 8.09 to 8.32 km s \ and established t h a t the crust 

dips gently to the west. A d d i t i o n a l thicknesses of 2.Mf km s ̂  or 

*f.0 km s ̂  layers were fed i n t o the program (C3.*f) t o f i n d what dip 

of the crust along the l i n e of shots would give the v e l o c i t i e s observed 

by Ewing and others (1959)- The r e s u l t s obtained are shown below. 

dip 0° 1° 2° 2.25° o v e r l y i n g l a y e r 

Apparent v e l o c i t y 7-79 8.02 8.33 k.O km s" 1 

» 6.61 6.77 6.9k k.o 

" 6.61 6.92 7.26 2.Mf 

From other seismic r e f r a c t i o n data i t seems c e r t a i n that the dip of 

the c r u s t i n the region of shots g i v i n g Moho a r r i v a l s i s due mainly t o 

v a r i a t i o n i n thickness of a *t.0 km s 1 l a y e r . Further east i t i s 
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uncertain which layer gives the dip. I t i s possible t h a t the k.O 

layer i s not present. Neither t h i s experiment or the r e f r a c t i o n 

work of Ewing and others (1959) detected a layer w i t h a v e l o c i t y of 

about 5 .0 km s" 1 (Layer 2 ) . This may be because the layer i s t h i n i n 

comparison t o the o v e r l y i n g sediments and hence gives no f i r s t 

a r r i v a l s between those from the sediments and those from Layer 3 . The 

v e l o c i t y l a y e r i n g obtained below h i i s given below. 

v e l o c i t y thickness depth 

water 1.5 4 .463 - depth below lowest h/phone 

sediment (assumed) 1.7 0 .376 4 . ^ 3 

r e f r a c t o r 1 2.45 3*681 4.838 

r e f r a c t o r 2 6 .73 6 . 5 7 1 8.519 

r e f r a c t o r 3 8.02 15.090 

On the second night of the experiment, DISCOVERER occupied a 

p o s i t i o n midway across the Tobago Trough ( h 2 ) . The t r a v e l time graphs 

obtained are shown i n f i g . 3-5- A r r i v a l s from the Tobago Trough were 

also received at the Barbados s t a t i o n s , but the maximum range was not 

very great. Travel time graphs are shown i n f i g . 3-5* 

The shot p o s i t i o n s given by the shooting ship do not produce 

ranges corresponding t o those obtained from the water wave, and d i f f e r 

by up to 2 .5 km. Generally, east of h2 water wave ranges are less than 

predicted, west of h2 they are greater. I t might appear from t h i s t h a t 

the hydrophone p o s i t i o n i s i n c o r r e c t and should be further east. The 

p o s i t i o n i s , however, determined from f i v e s a t e l l i t e f i x e s and the water 

wave ranges seem to be correct f o r the closest shots. The ship d i d 

not vary i n p o s i t i o n by more than 0 . 2 km i n an east-west d i r e c t i o n 
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during the night and the er r o r i n the hydrophone p o s i t i o n w i t h 

respect t o the ship i s u n l i k e l y t o be more than 0 . 4 km. An eastward 

s h i f t of the hydrophone p o s i t i o n would improve matters, but a 

systematic error i n the shot p o s i t i o n s s t i l l remains. 

V e l o c i t i e s were calculated using both the ranges from the 

water wave a r r i v a l times and those determined from the given shot 

p o s i t i o n s . A comparison i s given below. 

shot p o s i t i o n range water wave range 

v e l o c i t y i n t e r c e p t v e l o c i t y i n t e r c e p t 

east of h2 5.76 + 0 .08 6 . 8 l + 0 .10 5-73 + 0 .05 6 .90 + 0 .06 

west of h2 7 .22 + 0 .13 6.70 + 0 .12 7-87 + 0 . 0 7 6 .89 + 0 .06 

The v e l o c i t i e s were calculated and corrected f o r sea bed 

topography as f o r h i . The r e f r a c t i o n data of Ewing and others (1959) 

and t h i s analysis indicates that 3-0 km s ̂  i s the best o v e r a l l 

v e l o c i t y f o r the topographic c o r r e c t i o n . 

The shot p o s i t i o n s were not adjusted from those given by the 

shooting ship f o r the v e l o c i t i e s calculated from the a r r i v a l s a t the 

land s t a t i o n s , and the v e l o c i t i e s used from h2 i n reversing the 

p r o f i l e s were also those from the given shot p o s i t i o n s . The corrected 

v e l o c i t i e s c alculated from the a r r i v a l s a t the St. P h i l l i p f s and Cole's 

Cave s t a t i o n s are given below. 

St. P h i l l i p ' s : 

V e l o c i t y 8.98 + 0 . 3 i n t e r c e p t 10 .05 + 0 .29 se of f i t 0 .66 

Cole's Cave: 

Ve l o c i t y 9 . 54 + 0 .05 i n t e r c e p t 9 . 4 l + 0 . 0 4 se of f i t 0 . 16 
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The apparent v e l o c i t i e s measured at h2 were combined w i t h those 

from Barbados and those from St. Vincent and St- Lucia (C. Boynton, 

personal communication) t o give reversed l i n e s and the tr u e v e l o c i t y and 

dip of the basement. The dip and, t o a small extent the v e l o c i t y 

are dependent on the average v e l o c i t y of the o v e r l y i n g l a y e r , the 

v a r i a t i o n i n thickness of which gives the dip of the r e f r a c t o r . 

Given below i s a summary of reversed l i n e c a l c u l a t i o n s using three 

l i k e l y v e l o c i t i e s f o r the overl y i n g l a y e r . 

h2 to 

Apparent v e l o c i t y 7*22 

I n t e r c e p t 6 .7 

v e l o c i t y i n 

ove r l y i n g layer 

3 .0 

3-5 

k.O 

St. Vincent and St. Lucia 

5-59 

1.86 

v e l o c i t y dip 

6.27 

6.26 

6 .25 

3.95 

k.9& 

6 .02 ( 

o 

5.6k 

1.77 

v e l o c i t y 

6 . 3 1 

6 .305 

6 .30 

dip 
o 3.8 

k.70{ 

5 . 7 7 ( 

h2 to 

Apparent v e l o c i t y 5*76 

I n t e r c e p t time 6 . 8 l 

v e l o c i t y i n 
ov e r l y i n g layer 

3 .0 

3-5 

k.O 

St. P h i l l i p ' s and Cole's Cave 

8.98 9.3k 

10.05 9 . ^ 1 

v e l o c i t y dip v e l o c i t y 

6.98 

6 .96 

5-93 

7 .76 ( 

7.1k 

7.12 

6 . 9 ^ 8 . 7 8 ° 7 .10 

Cole's Cave i s closer i n l i n e w i t h the shots t h a t St. P h i l l i p ' s 

and the v e l o c i t y and dip derived from i t s data are the most accurate. 

dip 

6 . 3 ^ ° 

8 . 1 3 0 

9.h2° 
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The v e l o c i t y west of h2 must be regarded as a minimum value. F i r s t l y 

because the water wave ranges give a higher v e l o c i t y than t h a t used, 

and secondly, because the St. Vincent and St. Lucia s t a t i o n s are some 

way o f f the l i n e of the shots. The v e l o c i t y l a y e r i n g below h 2 i s 

given below. Estimates of the thicknesses of the 1.7 and the 2 . 5 or 

3 .0 km s 1 layers were obtained from the seismic r e f l e c t i o n p r o f i l e s and 

l i n e 7 of the r e f r a c t i o n work of Ewing and others ( 1 9 5 9 ) • 

Seismic st r u c t u r e at h.2 

v e l o c i t y thickness 

1.5 2 .12 water 

1.7 0 .95 

2 .5 or 3 .0 1.75 or 2 . 1 

4 .0 4 . 1 5 1 or 4 .267 

depth t o basement (6.3 to 7.1 km s~ ) = 8.971 or 9.437 

Several of the ear l y a r r i v a l s y i e l d e d v e l o c i t i e s l i k e l y t o be from 

sediments. East of St. P h i l l i p ' s three a r r i v a l s give a w e l l 

determined v e l o c i t y of 3-57 km s . West of Barbados shots 32 and 31 

give v e l o c i t i e s of 3-38 km s ^ and 3 .19 km s 1 at St. P h i l l i p ' s and 

Cole's Cave re s p e c t i v e l y . A v e l o c i t y of 2 .82 km s ^ was given by second 

a r r i v a l s east of h2 and the i n t e r c e p t time was greater than t h a t f o r the 

f i r s t a r r i v a l s from the basement (7.0 l a y e r ) . This precludes the 

a r r i v a l s from being headwaves. I t was thought that they might be 

r e f l e c t i o n s from the basement, but t r i a l c a l c u l a t i o n s i n d i c a t e d t h a t 

the a r r i v a l times were s t i l l too great f o r even t h i s . l The v e l o c i t i e s 

discussed above are those obtained a f t e r c o r r e c t i o n f o r bathymetry. 
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Chapter k 

Crustal s t r u c t u r e 

The Sedimentary Layer 

Most of the information regarding the sedimentary s t r u c t u r e of 

the area "has been obtained from seismic r e f l e c t i o n p r o f i l e s ( f i g . ^ . 1 ) . 

As w e l l as the p r o f i l e s c o l l e c t e d by HMS HECLA i n 1971 (HI t o H^f), 

a d d i t i o n a l coverage was obtained from the 1970 and 1972 cruises of 

the NOAA ship DISCOVERER. Photographs of the 1970 records were 

obtained from B. Bassinger, and l i n e drawings from the d i g t i s e d records 

(D*+ t o D7) are shown i n f i g s , k.2 and 4 . 3 » together w i t h d i g i t i s e d 

l i n e drawings of trac i n g s taken from the o r i g i n a l records i n DISCOVERER 

i n 1972 (Dl t o D3). Other sources are p r o f i l e s made by Bunce and 

others (1969) ( B l t o B^), a p r o f i l e made by C o l l e t t e and others (1969) 

i n HMS VIDAL (C), and a p r o f i l e made by USNS KANE ( I 9 6 8 ) (K). 

The h o r i z o n t a l scales on the diagram showing p r o f i l e s and c r u s t a l 

models are given as kilometres west of Longitude 6 2 ° W f o r west-east 

p r o f i l e s , and north of l a t i t u d e 12°N f o r south-north p r o f i l e s . 

The v e l o c i t i e s of sound i n the sediments have been determined 

mainly by seismic r e f r a c t i o n experiments (Ewing and others, 1957)? w i t h 

some information from wide angle r e f l e c t i o n . Gravity and magnetic 

anomalies i n some places i n d i c a t e s t r u c t u r e s w i t h i n the sediments as 

w e l l as the nature of the sediment/basement i n t e r f a c e . 

For the purpose of d e s c r i p t i o n and analysis the area i s divided 

i n t o four provinces, which are the Tobago Trough, the Barbados Ridge, 

the Barbados Slope east of the r i d g e , and the A t l a n t i c Ocean f l o o r . 
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The Tobago Trough 

T h i s smooth bot tomed b a s i n occup ies a p o s i t i o n between t h e 

Lesse r A n t i l l e s and the Barbados R i d g e , I t t e r m i n a t e s a g a i n s t t h e 

Sou th American c o n t i n e n t a l s h e l f i n t h e s o u t h , and a g e n t l e ea s t -wes t 

r i s e eas t o f S t . L u c i a i s t aken as i t s n o r t h e r n m a r g i n . P r o f i l e s 

ac ros s t he t r o u g h ( f i g s , k.2 & k.h) show a smooth sea bed i n t he 

c e n t r e u n d e r l a i n by r e g u l a r l y bedded r e f l e c t i n g h o r i z o n s w h i c h become 

more d i s t u r b e d a t t he marg ins o f t he t r o u g h , where t h e y bow upwards . 

The maximum p e n e t r a t i o n o b t a i n e d t h r o u g h t h e sediments i s 3 

seconds r e f l e c t i o n t i m e , and t h i s was o b t a i n e d on l i n e s H3 and H*f 

by HMS HECLA ( f i g . * f . 2 ) . The c e n t r a l p o r t i o n s o f these l i n e s g i v e 

t h e be s t s e c t i o n o f t h e sed iments . Combining t h e r e f r a c t i o n r e s u l t s 

o f Ewing and o t h e r s (1957) w i t h t h e wide ang l e r e f l e c t i o n and the 

r e f l e c t i o n p r o f i l e s t h e f o l l o w i n g g e n e r a l i s e d d e s c r i p t i o n o f t h e 

sed imenta ry sequence i n the c e n t r e o f the t r o u g h i s o b t a i n e d . 

v e l o c i t y t h i c k n e s s 

Layer A 1.55 0*k 

Layer B 1.9 0 . 5 

Layer C 2 . 2 - 2 . 6 0 . 8 

Layer D 2 . 9 - 3 - ^ 2 . 0 - 3 . 0 

Layer E 3 . 8 - ^ . 3 2 . 0 - 5 . 0 

km s 1 km 

The depths t o l a y e r s o b t a i n e d by se i smic r e f r a c t i o n co r r e spond 

w e l l w i t h t h e r e f l e c t o r s seen on the r e f l e c t i o n r e c o r d s . I n t h e 

se i smic r e f r a c t i o n work o f Ewing and o t h e r s (1957) L a y e r s A and B 

were g i v e n an assumed v e l o c i t y o f 1.7 km s 1 t o s a t i s f y t he d i s c r e p a n c y 

between t h e dep th t o t he seabed and the dep th t o t h e t o p r e f r a c t o r . 
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The top two l a y e r s have prominent regular bedding which i s 

shown c l e a r l y on p r o f i l e D6 and D7 ( f i g . *+-.2). The a i r gun system 

on DISCOVERER gave a b e t t e r d e f i n i t i o n than that on HECLA, but had 

smaller penetration. From the DISCOVERER records i t can be seen that 

the r e f l e c t o r s i n Layer A have greater c o n t i n u i t y than those i n Layer 

B. The r e f l e c t o r s of B, however, have greater r e f l e c t i v i t y , so that 

the two l a y e r s are s i m i l a r but e a s i l y d i s t i n g u i s h a b l e . T h i s 

d i s t i n c t i o n i s more marked c l o s e r to the v o l c a n i c arc than f u r t h e r 

east near the Barbados Ridge. 

I n the north of the trough l a y e r s A and B conform i n shape to 

the bathymetry, thinning towards the margins of the trough. Further 

south f l a t l y i n g r e f l e c t o r s i n the centre of the trough unconformably 

o v e r l i e a s e r i e s of r e f l e c t o r s which dip gently eastward (B3 f i g . 4.*f). 

D i r e c t analogy with the northern p r o f i l e s i n d i c a t e s that Layers A and 

B are part of the underlying sequence, because t h i s sequence bends 

upward at the margins of the trough as do A and B f u r t h e r north. The 

o v e r l y i n g sequence of f l a t r e f l e c t o r s extends as f a r north as 

l i n e H3, but the thick n e s s there i s much l e s s than on B3 and the 

deposit i s l e s s extensive. T h i s l a y e r i s , however, included i n the 

wide angle r e f l e c t i o n determination and consequently Layer A may have 

a higher v e l o c i t y than given above or be thinner. T h i s emphasises the 

d i f f i c u l t y of i d e n t i f y i n g l a y e r s by t h e i r v e l o c i t y alone. A l a y e r 

which i s isochronous and i s p a r t l y o v e r l a i n by l a t e r sediments may 

have a higher v e l o c i t y where i t i s o v e r l a i n than where i t i s s t i l l 

a t the surface. The f l a t l y i n g sediments i n the c e n t r a l part of the 

trough which are unconformable with Layer A are hence forward r e f e r r e d 

to as Layer A*. T h i s most recent l a y e r i s prominent on a r e f l e c t i o n 

p r o f i l e made i n the southeast of the trough by Bassinger and others (1971). 



•̂•3 Reflection p r o f i l e s running i n a northerly direction across the 

area, from the Atlantic Ocean (Dl) to the East St. Lucia 

Ridge (D5). V e r t i c a l exaggeration of bathymetry i s 10:1. 

The horizontal scale i s given i n kilometres north of 

l a t i t u d e 12°N. 
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Layer C (average velocity 2.5 km s ) i s the lowest layer i n 

which many continuous reflectors are observed, and apart from the 

velocity difference observed i n the wide angle r e f l e c t i o n run there 

seems to be no large difference i n character between B and C. I t i s 

possible that there i s a f a i r l y continuous increase i n velocity 

through B and C. The layered structure of Layers A, B and C, p a r t i c u l a r l y 

A and A*, suggests that they are mainly t u r b i d i t e s and a few cores 

taken from the suppermost layer i n the trough did contain t u r b i d i t e 

sediments (Keller and others, 1971)-

Layer D does not contain any very continuous horizons, and there 

appears to be a marked break between i t and the overlying sediments. 

This i s seen clearly on the western flank of the Barbados Ridge, where 

the top of D i s a rough surface over which the l a t e r sediments are 

l a i n . Beneath t h i s surface are discontinuous r e f l e c t o r s , many of 

which dip to the east. 

Layer E l i e s below the deepest r e f l e c t o r seen on p r o f i l e s H2, 

H3, and H4, and from refraction l i n e E7 a velocity of *f.O km s"̂ " was 

determined for i t . The top of t h i s layer i s not seen i n the east of 

the trough but i n the west i t slopes gently upward to within 0.7 km 

of the seabed and forms the base of the sedimentary basin i n which 

the l a t e r sediments were deposited, overlapping on t h i s surface towards 

the west. 

Sediment cores collected from the trough by Keller and others 

(1971) indicate that on the western side of i t the sand content i s 

high, as much as 75$, and that i n i t s centre clay and s i l t size 

materials are predominant. The central sediments are r e l a t i v e l y 



k.k Reflection p r o f i l e s across the Tobago Trough and the 

Barbados Slope by Bunce and others (1971). 
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homogeneous with few graded beds, whereas those from the western 

margin contain numerous layers of coarse and fine material. Keller's 

study of the cores revealed that much of the clay and s i l t size 

fraction comes from the Amazon and Orinico r i v e r s , and the northern 

margin of Venezuela and Trinidad. Most of the sand size materials 

comes from the island arc with a contribution i n the south of the 

trough from Venezuela. 

The sediment structure of the western margin of the trough i s 

much less uniform than the centre, showing possible slumps and ash 

flows. On lines D6 and H2 canyons can be seen to cut into the 

uppermost layer. That on l i n e D6 leads northeastwards from St. Lucia 

and shows slump structures within i t . The canyon seen on l i n e H2 

leads southeastwards. 

On western side of l i n e H2 there i s a subsurface r i s e 

containing disturbed ref l e c t o r s . Associated with t h i s r i s e i s a small 

local gravity high and an increase i n amplitude of the magnetic anomaly 

coupled with a decrease i n wavelength ( f i g . k.5)» I t i s possible that 

t h i s rise i s a pronounced series of pyroclastic deposits and lavas. 

Tectonic disturbances of the Tobago Trough. 

The basinal shape of the trough i s p a r t l y due to deposition 

against the western side of the trough of erosional and volcanic 

products from the island arc as the arc was b u i l t up, but i t s form 

i s mainly due to earth movements on the eastern side of the trough. 

The effect of these movements i s most noticeable on the western flank 

of the Barbados Ridge. On p r o f i l e s HI and D7 the upper layers of sediment 

can be seen to extend to the highest part of the ridge, and i f they were 



k.5 Comparisons of the Bouguer gravity anomalies (2.0 gm cm ) 

(b) and the t o t a l f i e l d magnetic anomalies with the 

seismic r e f l e c t i o n p r o f i l e s on lines HI, H2 and H3 

(from top to bottom). Compare with f i g . 4.2. 
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o r i g i n a l l y deposited at the same le v e l as those i n the centre of 

the trough the Barbados Ridge has been u p l i f t e d 1.5 to 2.0 km 

r e l a t i v e l y . The sediment layers on the ridge are gently inclined to 

the seabed and outcrop on i t . Hence the seabed i s an erosional 

surface and so the estimates of u p l i f t must be minimum values. The 

ridge was probably r i s i n g during the deposition of sediments i n the 

trough, because the sediments t h i n towards the crest of the ridge. 

During the u p l i f t of the Barbados Ridge there was d i f f e r e n t i a l 

movement on i t s western flank causing the warping of upper sedimentary 

layers (A, B & C). The top of layer D was the surface on which the 

sediments were l a i d down pr i o r to the u p l i f t of the ridge, and i t 

appears to have had a s l i g h t l y irregular topography i n the region of 

the ridge which has been accentuated by the deformation associated 

with the u p l i f t . The effect of the density contrast at t h i s irregular 

surface i s the production of l o c a l short wavelength gravity anomalies 

which can be observed on the p r o f i l e s shown i n f i g . 4.5« Layer D 

had undergone some tectonic disturbance pri o r to the deposition of 

layers A, B and C since the erosion surface which i s the top of D 

truncates many of the dipping reflectors within i t . 

On lines H3 and Ek the edge of the deformed region paused by the 

u p l i f t of the Barbados Ridge i s d i s t i n c t , with f l a t l y i n g sediments 

bent suddenly upward ( f i g . 4.6). On f i r s t examination i t seemed 

possible that there was a f a u l t associated with t h i s feature, and to 

ascertain the nature of i t a two dimensional migration was carried 

out on the r e f l e c t i o n record at t h i s point using a graphical method 

(Grant and West, 1965)* I n order to effect t h i s a series of wavefront 

curves and curves of maximum convexivity were drawn to match the 
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variable area records using the computer graph p l o t t e r . The maximum 

convexivity graphs were used to test apparent slopes and r e f l e c t i o n points 

on other parts of the records. Fig. 4.7 shows a tracing of the r e f l e c t o r s 

and t h e i r migrated positions. From t h i s i t can be seen that a f a u l t 

does not exist i n the upper sedimentary layers, but i t i s possible 

that one exists below i n the more competent sediments. 

In addition to the features arising from the u p l i f t of the 

Barbados Ridge, i t i s evident that some characteristics of the trough 

are due to the r e l a t i v e u p l i f t of the island arc. The pr i n c i p a l 

consequence of t h i s u p l i f t i s the sequence of dipping refle c t o r s 

seen on the southerly p r o f i l e s , which are overlain i n the centre of 

the trough by A*. Also some of the upward turn of the sedimentary 

layering on the west side of the trough may be the result of the u p l i f t 

of the islands as well as d i f f e r e n t i a l deposition. 

The sediments i n the north of the Tobago Trough bow gently over 

a rise extending eastward from St. Lucia to the Barbados Ridge 

Crossing the r i s e , running NNE, i s a linear depression which can be 

seen clearly on lines D6 and HI, and i s present at the extreme 

northern end of T>hm Beneath the surface depression the sediments 

are disturbed and appear to have subsided. On l i n e D7 i t i s only 

from these disturbed layers that the feature can be i d e n t i f i e d , 

because the depression i n the seabed i s not present there. The feature 

i s not seen on H2, which i s the next p r o f i l e to the south. The form 

of subsidence seen on l i n e D7 i s that of downward warping of the 

layers either side of a central, comparatively unaffected, block. I t 

i s not obvious to the wr i t e r what process can have lead to the 

formation t h i s feature. One interpretation (Bassinger and Keller, 

1971) i s that the feature i s a f a u l t or underlain by a f a u l t . There 
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There does not, however, appear to be any v e r t i c a l displacement of the 

beds either side of the feature, and so a s t r i k e s l i p f a u l t would 

have to be invoked. The termination of the feature south of D7 and 

the lack of any obvious break i n the layering casts doubt on a 

st r i k e s l i p f a u l t also. The feature may possibly be an incipient 

graben structure, with two r i f t s , formed by tensional conditions 

arising from u p l i f t of the St. Lucia East Ridge. 

The valley l i k e depression could have been eroded by bottom 

currents moving northward out of the Tobago Trough, and acted as an 

exit channel for them. The greater depth of the subsidence feature 

on l i n e D7 i s the reason why i t i s not eroded there. Line HI, which 

runs along the crest of St. Lucia East Ridge i s the one on which 

the feature shows most erosion. The course of the channel can be 

seen clearly on the bathymetric chart ( f i g . 2.2), picked out by the 

1800 m contour. 

The Barbados Ridge 

Seismic r e f l e c t i o n p r o f i l e s crossing the ridge are HI, D7 and 

H3 ( f i g . 4.2) and lines along the ridge are D4 ( f i g . 4.3) and V 

( f i g . 4.8). On the ridge s t r a t i f i e d sediments of varying thickness 

overlie an irregular surface which i s underlain by material with a 

disturbed i n t e r n a l structure or one that produces no discernible 

r e f l e c t o r s . The overlying material i s formed of Layers A and B, and 

there i s a strong contrast i n density between i t and the underlying 

rocks which gives r i s e to small gravity anomalies. An example of a 

gravity anomaly caused by the shape of the interface between the two 

rock groups i s on l i n e H"3 ( f i g . 4.3), where a small outcropping ridge 



R e f l e c t i o n p r o f i l e s V (top) obtained by C o l l e t t e and 

others (1969), and K (bottom) obtained on the KANE 9 

Cr u i s e (Lowrie and Escowitz, 1970). 
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o f t he h i g h e r d e n s i t y sediment i s separated by a s m a l l t r o u g h o f lower 

d e n s i t y sediment from t h e main o u t c r o p o f h i g h e r d e n s i t y sediment a t 

the c r e s t o f the Barbados Ridge. The amplitude o f the anomaly i s 

about 10 mgal. 

On l i n e H I a magnetic anomaly o f gammas amp l i t u d e i s 

a p p a r e n t l y a s s o c i a t e d w i t h a r i s e o f t h e sediment u n d e r l y i n g l a y e r s 

A and B ( f i g . 4.5). The anomaly i s a l s o seen on two l i n e s t o the 

so u t h o f H I on which o n l y g r a v i t y and magnetic data were c o l l e c t e d . 

C o i n c i d e n t w i t h t h e magnetic anomaly i s a s h o r t wavelength p o s i t i v e 

g r a v i t y anomaly. A two dimensional magnetic body w i t h induced 

m a g n e t i s a t i o n and i t s t o p s u r f a c e s were f i x e d a t t h e shape g i v e n by 

th e r e f l e c t i o n p r o f i l e g i v e s a s i m i l a r anomaly i f the magnetic 

s u s c e p t i b i l i t y i s 0.0013- T h i s i s r a t h e r h i g h f o r sedimentary r o c k s , 

b u t seismic r e f r a c t i o n and g r a v i t y data exclude t h e p o s s i b i l i t y o f a 

v o l c a n i c basement r i d g e . The Upper S c o t l a n d Formation o f Barbados 

does c o n t a i n i r o n o x i d e m i n e r a l s which form c o n c r e t i o n s and s t a i n t h e 

ro c k s w i t h r u s t . These m i n e r a l s when metamorphosed a t c h l o r i t e grade 

i n p e l i t i c and s e m i - p e l i t i c r o c k s w i l l a l t e r t o magnetite ( T u r n e r , I968). 

I t i s p o s s i b l e t h e r e f o r e t h a t t h e cause o f the magnetic anomaly 

c o u l d be an u p l i f t e d segment o f metasediment from deeper i n the sediment 

p i l e beneath t h e Barbados Ridge. The smoothness o f the observed anomaly 

compared w i t h t he c a l c u l a t e d anomaly suggests t h a t t h e source i s 

deeper than t he s u r f a c e o f the r i s e seen on t h e r e f l e c t i o n r e c o r d , but 

i t s wavelength l i m i t s i t s maximum depth t o about 5 or 6 km. A body o f 

t h e same shape b u t 2 km deeper t h a n t h e r e f l e c t o r s u r f a c e , w i t h a 

s u s c e p t i b i l i t y o f 0.0018 gave a good f i t t o the observed anomaly. 

Seismic r e f r a c t i o n work on the Barbados Ridge (Ewing and o t h e r s , 
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1957) i n d i c a t e s a top l a y e r o f low v e l o c i t y (1.7 km s ) and 

v a r y i n g t h i c k n e s s (1.07 km on E22 t o 0.2 km on El6) which conforms 

w e l l t o t h e upper s t r a t i f i e d l a y e r s (A & B) seen on t h e r e f l e c t i o n 

r e c o r d s . On t h e n o r t h e r n p a r t o f the r i d g e t h e upper l a y e r s are 

u n d e r l a i n by one o f v e l o c i t y 2.22 t o 2.75 km s"*̂ * and below t h i s i s a 

l a y e r o f v e l o c i t y 3-2 - 3*4 km s"^" which r e s t s on one o f v e l o c i t y 

4.0 - 4.3 km s" 1. As t h e r e f l e c t i o n r e c o r d s show, t h e s t r u c t u r e i s 

v e r y v a r i a b l e , which l i m i t s t h e u s e f u l n e s s o f the r e f r a c t i o n method. 

The method does, however, b r o a d l y d i f f e r e n t i a t e between t h e main 

sedimentary groups, a l t h o u g h the e f f e c t o f depth and v a r y i n g s t a t e s o f 

l i t h i f i c a t i o n must be considered. As a g e n e r a l i s a t i o n i t seems t h a t 

r o c k s o f v e l o c i t y 2.0 km s or l e s s are s t r a t i f i e d sediments o f 

l a y e r s A, B and p o s s i b l y C. Rocks o f v e l o c i t y 3-0 km s 1 and above 

belong t o t h e S c o t l a n d and Oceanic Formation o f Barbados. H u r l e y (1966) 

dredged r o c k s s i m i l a r t o those o f the S c o t l a n d Formation from a p o i n t 

on the r i d g e n o r t h o f Barbados (marked h on f i g 4.1). At t h a t p o i n t 

on the seabed the S c o t l a n d Formation has a seismic v e l o c i t y o f 2.2 

km s \ and g i v e s a c h a r a c t e r i s t i c r e f l e c t i o n r e c o r d o f many d i s c o n t i n u o u s , 

o f t e n c o n t o r t e d , r e f l e c t o r s . 

J u s t south o f Barbados, H u r l e y (1966) dredged l i m e s t o n e s c o n t a i n i n g 

manganese nodules which he thought l i k e l y t o be a f a c i e s o f the Upper 

Oceanic or Bissex H i l l F ormations. L i n e H3 shows a few s u b - h o r i z o n t a l 

and not v e r y w e l l d e f i n e d r e f l e c t o r s o c c u r r i n g i n the r o c k which 

forms the r i d g e c r e s t and occurs beneath a s m a l l b a s i n o f low d e n s i t y 

sediment on the western slope o f the r i d g e . The s i n g l e Miocene 

core c o l l e c t e d by Ramsay (1968) came from a p o i n t ( r f i g . 4.1) c l o s e 

t o D on l i n e V ( f i g . 4.8) and t h e east end o f B3 ( f i g . 4.4), where 

t h e l a y e r below t h e s t r a t i f i e d sediments crops o u t . T h i s evidence 

suggests t h a t the Oceanic and Bissex H i l l Formations forms t h e basement 
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t o t h e uppermost s t r a t i f i e d sediments (A & B) on t h e r i d g e s o u t h o f 

Barbados. The r e f r a c t i o n v e l o c i t y o b t a i n e d on l i n e E22 f o r t h e r o c k 

below t he uppermost l a y e r was 3.97 km s" 1, and l i n e E21, nearby, g i v e s 

3.8l km s" 1. These are q u i t e acceptable values f o r l i t h i f i e d l i m e s t o n e 

b u t t he t h i c k n e s s e s o b t a i n e d by r e f r a c t i o n , o f 2.33 and 4.7 km, are 

g r e a t e r than expected from Barbados where the maximum t h i c k n e s s o f 

Oceanics i s 1.5 km. I t i s probable t h a t i n c l u d e d i n t h e t h i c k n e s s 

values found by seismic r e f r a c t i o n a re some S c o t l a n d Formation sediments, 

the boundary between the Oceanic and Scotl a n d sediments not hav i n g 

been observed. 

The deepest r e f r a c t o r s o f l i n e s E22 and E21 (Ewing and o t h e r s , 1937) 

gave v e l o c i t i e s o f 4.9 and 5»3 km s ^ r e s p e c t i v e l y a t depths o f 4.4 

t o 10.4 km. The r e f r a c t o r d i p s away from the r i d g e t o the east. 

A l t h o u g h the v e l o c i t i e s are s i m i l a r t o those o f oceanic Layer 2, i t i s 

u n l i k e l y t h a t Layer 2 i s t h e r e f r a c t o r i n t h i s case. The g r a v i t y 

anomaly excludes t h i s , because i n t e r p r e t a t i o n o f i t r e v e a l s t h a t t h e 

igneous basement i s depressed below the r i d g e (see p .72 ) • I t i s 

p o s s i b l e t h a t t h e 4 . 9 - 5 - 3 k m s 1 l a y e r i s made up o f metamorphic r o c k s 

(metasediments)- I f these are autochthonous, and p o s s i b l y once depresed 

5 t o 10 km below t h e i r p resent depth, then they are l i k e l y t o be o f t h e 

z e o l i t e f a c i e s or the p r e h n i t e - p u m p e l l y i t e metagraywacke f a c i e s 

( Turner, 1968). F u r t h e r depression might have p u t them i n t h e 

g r e e n s c h i s t o r glaucophane-lawsonite s c h i s t f a c i e s , depending on the 

temperature g r a d i e n t . The 4.9 - 5.3 l a y e r has not been d e t e c t e d beneath 

Barbados,and the deepest b o r e h o l e , o f 4.6 km depth, contains^ no 

metamorphic r o c k s (Baadsgard, 1960). 
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T e c t o n i c s t r u c t u r e s o f the Barbados Ridge. 

Both n o r t h and south o f Barbados the uppermost sediments are 

draped over r i s e s i n the lower sediments, g i v i n g t he i m p r e s s i o n o f 

o c c a s i o n a l a n t i c l i n e s and s y n c l i n e s . These s t r u c t u r e s can be seen 

on the southern p a r t o f D*t and on V around l a t . 12° N. ( f i g s . k.J> and 

*f.8). They are observable on many east-west l i n e s as n o t e d above. 

S i m i l a r f e a t u r e s were d e s c r i b e d by Bassinger and o t h e r s (1971) a t 

the southern end o f the Barbados Ridge, who a t t e m p t e d t o c o r r e l a t e 

these s t r u c t u r e s along the r i d g e and onto t h e c o n t i n e n t a l s h e l f . 

However the o n l y f e a t u r e s which can be shown t o cross more than one 

o f t h e i r p r o f i l e s are t h e c r e s t a l p a r t o f t h e r i d g e and a s h a l l o w 

t r o u g h east o f i t . T h e i r p r o f i l e s show c l e a r l y t h a t t h e upper 

s t r a t i f i e d sediments (A & B) are unconformable t o t h e u n d e r l y i n g 

sediments which o u t c r o p l o c a l l y a l o n g the c r e s t o f t h e Barbados Ridge. 

The s y n c l i n a l and a n t i c l i n a l l i k e f e a t u r e s seen i n f i g s . 

4.3* *+-8 and the p r o f i l e s of Bassinger and o t h e r s (1971), are 

p r o b a b l y not t r u e f o l d f e a t u r e s . There i s no evidence o f secondary 

f o l d i n g i n t h e s t r a t i f i e d sediments and the shape o f the l a r g e " f o l d s " 

i s c o n t r o l l e d e n t i r e l y by t h e form o f the u n d e r l y i n g sediment. The 

upper sediment l a y e r s are warped l o c a l l y by d i f f e r e n t i a l movement o f 

t h e u n d e r l y i n g m a t e r i a l , p r o b a b l y a l o n g f a u l t s . As w e l l as the o v e r a l l 

u p l i f t which forms the r i d g e , t h e r e are many l o c a l v e r t i c a l movements 

a l o n g i t . The average t r e n d o f major f o l d axes i n t h e S c o t l a n d 

Formation on Barbados i s 065° and t h e l a r g e s t f o l d s have a wavelength 

o f about 2 km. Features o f t h i s s i z e would n o t show t h e i r shape on a 

r e f l e c t i o n r e c o r d , but would show as a s e r i e s o f i r r e g u l a r and 

i n t e r m i t t e n t r e f l e c t o r s . There are g e n t l e f o l d s i n t h e Oceanic Formation 
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and t h e i r o v e r a l l s t r u c t u r e on Barbados i s one o f g e n t l e doming about 

the c e n t r e o f t h e i s l a n d (Daviess, 1971)• 

The r i d g e n o r t h of l a t i t u d e 13.8°N slopes down t o t h e n o r t h a t 

about 1.5° and t h e 1 km t h i c k n e s s o f s t r a t i f i e d sediments shows 

d i s c o n t i n u i t i e s and deformations which are s u g g e s t i v e o f g r a v i t y s l i d i n g . 

Taken o v e r a l l , t h e Barbados Ridge i s an u p l i f t e d r i s e o f o l d e r 

sediments, over which younger sediments are draped, and a l o n g which a 

s e r i e s o f s m a l l e r • u p l i f t e d b l o c k s l o c a l l y deform t h e younger sediments 

i n t o a n t i c l i n a l , s y n c l i n a l , p e r i c l i n a l and b a s i n a l s t r u c t u r e s . The 

lo n g e s t o f these appears t o be t h a t which g i v e s r i s e t o the magnetic 

anomaly n o r t h of Barbados, and i t i s on l y 18 km l o n g . 

The A t l a n t i c Ocean f l o o r 

Seismic r e f l e c t i o n p r o f i l e s across t he f l o o r o f t h e A t l a n t i c 

east o f the Lesser A n t i l l e s a re d e s c r i b e d by C o l l e t t e and o t h e r s 

(1969 )1 and o t h e r s are d i s p l a y e d i n the Kane 9 C r u i s e Volume (1969). 

A JOIDES h o l e (27) has been d r i l l e d a t 15° 51.39' N and 56° 52.76' W, 

south o f the Barracuda Ridge (Bader and o t h e r s , 1970). At t h i s d r i l l 

s i t e t h e r e are t h r e e r e f l e c t o r s . The uppermost, a t 0.08 s r e f l e c t i o n 

time from the seabed, c o r r e l a t e s w i t h two t u r b i d i t e l a y e r s o f 

P l e i s t o c e n e age a t 67 t o 70 metres depth. The second r e f l e c t o r a t 0.28 

s c o r r e l a t e s w i t h t h i n t u r b i d i t e s o f Miocene age a t 236 and 248 

metres. The bottom r e f l e c t o r , which forms a rough basement s u r f a c e 

a t 0.53 s, c o r r e l a t e s w i t h a ha r d c l a y e y l i m e s t o n e a t 437 m, or p o s s i b l y 

w i t h an u n c o n f o r m i t y j u s t below i t n o t p e n e t r a t e d by the b o r e h o l e . The 

topography o f t h e a c o u s t i c basement has a r e l i e f o f 0.5 s and t h e 
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bedding measured i n the hard limestone dipped at 2k . T h i s limestone 

and the overlying 20 m of sediment are very s i m i l a r i n l i t h o l o g y and 

faunal content to the Oceanic Formation of Barbados. The seismic 

v e l o c i t i e s i n the l a y e r s overlying the top two r e f l e c t o r s are 1.71 

and 1.7^ km s " 1 . The v e l o c i t y i n the l a y e r between the second 

r e f l e c t o r and the basement i s 1.85 k^1 s \ 

The acoustic basement appears to outcrop on the sou t h e m fl a n k 

of the Barracuda Ridge. The thickness of sediments i n c r e a s e s markedly 

away from the d r i l l s i t e to the south and west, p a r t i c u l a r l y i n the 

upper f i n e l y layered sediments of P l e i s t o c e n e age. T h i s thickening to 

the south and west i s substantiated by the r e f l e c t i o n p r o f i l e s of 

C o l l e t t e and others (1969), Bunce and others (1971), and Peter 

(personal communication)• 

To the east of the L e s s e r A n t i l l e s , a t the base of the slope from 

the Barbados Ridge, r e f l e c t i o n p r o f i l e s HI, B2, B3> D l and K ( f i g s . 

*+.9i k.k, k.J>i kmS) show comparatively f l a t l y i n g r e f l e c t o r s to about 

two seconds penetration below the seabed. The upper h a l f second shows 

considerable s t r a t i f i c a t i o n , but apart from these upper l a y e r s there 

are two main r e f l e c t o r s . These are seen at 0.9 and 2.0 s on the 

eastern end of HI, and between a and b on K. P r o f i l e s HI and K are 

almost coincident there and the great s i m i l a r i t y between the two 

independently c o l l e c t e d records gives one confidence i n the existence 

of the f e a t u r e s observed. 

The lowest r e f l e c t o r has an i r r e g u l a r topography and i s 

approximately at the depth to basement, of 2.2*4- km below the seabed, 

found at the north end of r e f r a c t i o n l i n e El8 ( f i g . 3.1). L i n e s HI 

and K ( a to b) run j u s t to the south of the c r e s t of a basement ridge 
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which can be seen on p r o f i l e s D l and D2 ( f i g . 4.3)- The basement 

deepens t o the south, by a t l e a s t 1.8 s, and i t a l s o d i p s s l i g h t l y t o 

th e west ( a depth i n c r e a s e o f 0.3 s i n 20 km, which i s a d i p o f about 

1°). These o b s e r v a t i o n s are compatible w i t h t h e basement depths o f 

^.03 km, o b t a i n e d a t h i , and 3-1 km, o b t a i n e d a t t h e southern end o f 

E l 8 , 113 km f u r t h e r e a s t . The depths t o basement g i v e n above are t o 

the r e f r a c t o r o f seismic v e l o c i t y 6.6 - 6.8 km s (oceanic Layer 3) 

which, by analogy w i t h t h e observed oceanic c r u s t a l s t r u c t u r e elsewhere 

must be o v e r l a i n by b a s a l t s o f Layer 2, f i r s t a r r i v a l s from which 

were a p p a r e n t l y not d e t e c t e d on the r e f r a c t i o n l i n e s i n t h i s area. 

Layer 2 i s p r o b a b l y about 1 km t h i c k and t h i s means t h a t t h e basement 

t o t he sediments i s 0.23 km sh a l l o w e r a t the r e f r a c t i o n s t a t i o n s than 

g i v e n above. 

On l i n e H I t h e r e are what appear t o be s e v e r a l d i s c o n t i n u o u s 

r e f l e c t o r s below the hummocky r e f l e c t o r which on o t h e r p r o f i l e s i s t h e 

a c o u s t i c basement. T h i s taken by i t s e l f would throw doubt on the 

i d e n t i f i c a t i o n o f t h e r e f l e c t o r as the top o f Layer 2, b u t the 

r e f r a c t i o n data seems t o e s t a b l i s h t h i s beyond reasonable doubt. T h i s 

r a i s e s t he q u e s t i o n o f the n a t u r e o f t h e d i s c o n t i n u o u s r e f l e c t o r s . 

P o s s i b l e e x p l a n a t i o n s are t h a t t h e y are patches o f coherent n o i s e , s i d e 

r e f l e c t i o n s from t h e basement topography t o the sid e o f the l i n e ( t h e 

presence o f t h e east-west basement r i d g e may be a f a c t o r i n t h i s ) , 

or r e f l e c t o r s i n an i n t e r b e d d e d lava/sediment sequence. 

The r e f l e c t o r a t 0.9 s has an u n d u l a t i n g s u r f a c e which i s n o t 

as rough as t h e basement. The r e f l e c t o r g e t s deeper t o t h e s o u t h . The 

s e p a r a t i o n between i t and t h e basement i s v a r i a b l e , b e i n g o n l y 0.3 s 

over t he r i d g e seen on D l and 1.3 s on t h e f l a n k o f t h e r i d g e , 30 km 
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t o t h e south. F u r t h e r s o u t h the s e p a r a t i o n i s about 1.2 s, and about 

1 s s e p a r a t i o n i s seen between the deepest r e f l e c t o r and the next 

o v e r l y i n g l a y e r on B*f. The lowest r e f l e c t o r on Bk i s , however, 

r a t h e r f l a t and i s o n l y a t 2 s p e n e t r a t i o n , whereas t h e depths 

o b t a i n e d a t h i and E l 8 combined w i t h t h e deepening t r e n d seen on D l 

leads one t o expect the basement a t 3 t o k s. The bottom r e f l e c t o r on 

B4 i s , t h e r e f o r e , much more l i k e l y t o be the second r e f l e c t o r (0.9 s) 

seen on H I and K. The second r e f l e c t o r i s seen on B2 a t 0.6 s above 

th e basement. T h i s second r e f l e c t o r may w e l l be the a c o u s t i c 

basement seen a t JOIDES s i t e 27 and i d e n t i f i e d as t h e Oceanic Formation 

o f Barbados. The r e f l e c t o r i s more i r r e g u l a r a t the d r i l l s i t e than 

i t i s f u r t h e r s outh, which c o u l d be a consequence o f d e f o r m a t i o n 

a s s o c i a t e d w i t h t h e u p l i f t o f the Barracuda Ridge. The amount o f 

t h i c k e n i n g o f t h e sediments t o the south and west o f t h e d r i l l s i t e 

a l s o i n c r e a s e s t h e l i k ^ i h o o d t h a t t h e r e f l e c t o r seen a t 0.9 s on H I 

( t h e second r e f l e c t o r ) i s t h e r e f l e c t o r seen a t 0.33 s a t h o l e 27-

The upper s t r a t i f i e d sediments are o f P l i o c e n e t o Recent age, 

which can be shown by s t r a i g h t f o r w a r d e x t r a p o l a t i o n from sediment 

s t r u c t u r e observed a t the JOIDES d r i l l s i t e . The youngest sedimentary 

f e a t u r e i s a s m a l l wedge shaped b a s i n , 0.2 s t h i c k , a t the base o f t h e 

Barbados Slope, which i s shown w e l l on l i n e D l west o f the course 

change. The sediments i n t h i s s m a l l d e p o s i t may be d e r i v e d from t h e 

s l o p e . The upper s t r a t i f i e d sediments are o n l y 0.2 s t h i c k over t h e 

east-west r i d g e seen on D l and D2, but f u r t h e r south they .are 0.7 t o 

0.8 s t h i c k . 
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The Barbados Slope 

T h i s i s the r e g i o n between t h e c r e s t o f the Barbados Ridge and 

t h e p o s i t i o n where the seabed becomes l e v e l on the A t l a n t i c Ocean 

F l o o r . I t has an i r r e g u l a r topography c o n s i s t i n g o f many minor 

r i d g e s and v a l l e y s . I n the survey area ( f i g . 2.2) t h e r e appears t o be 

a pronounced t r e n d o f these f e a t u r e s p a r a l l e l t o the Barbados Ridge. 

T h i s i s p a r t l y a f u n c t i o n o f survey l i n e spacing and d i r e c t i o n , 

and the n o r t h - s o u t h l i n e s a l s o show much minor r e l i e f , b u t t h e r e i s 

a d e f i n i t e o v e r a l l t r e n d p a r a l l e l t o the r i d g e . 

R e f l e c t i o n p r o f i l e s c o v e r i n g t h e area o f the Barbados Slope are 

H I ( f i g . A-.9), B2 and Bk ( f i g . kA), K ( f i g . 4.8), and D2 and D3 

( f i g . 4.3)• I n t h i s r e g i o n r e f l e c t i n g h o r i z o n s are much d i s t u r b e d and 

do n o t appear v e r y f a r below the seabed. The amount o f energy r e f l e c t e d 

from the sediments i s g r e a t , but t h e coherence o f the r e f l e c t o r s i s 

low, and t h e y c o u l d be d e s c r i b e d as a c o u s t i c a l l y opaque. 

The uppermost l a y e r i s o f v a r i a b l e t h i c k n e s s (0.5 s average), 

and o v e r l i e s an i r r e g u l a r r e f l e c t i n g h o r i z o n , or h o r i z o n s , the shape 

o f which does n o t u s u a l l y match t h a t o f the topography o f the seabed. 

T h i s o v e r l y i n g l a y e r i s not always w e l l shown on p r o f i l e H I , m a i n l y 

because the t o p 0.3 s i s obscured by the s i g n a l o f t h e bottom 

r e f l e c t i o n . I t i s shown best on l i n e s B2, B4, D2 and D3, and on 

t h e photographs o f r e c o r d s g i v e n i n Chase and Bunce (I969). The 

l a y e r does n o t u s u a l l y c o n t a i n r e f l e c t o r s w i t h i n i t except i n some o f 

t h e deeper pockets, such as t h a t a t l o n g . 58° 45' W on B4. The 

p r o f i l e s o f Bassinger and o t h e r s (197D i n d i c a t e t h a t t h e r e i s a 

c o n s i d e r a b l e accumulation o f the o v e r l y i n g l a y e r i n a s h a l l o w b a s i n 



51 

east o f t h e Barbados Ridge, and immediately t o the east o f Barbados 

i t s e l f t h e r e i s a f l a t bottomed b a s i n which t h e g r a v i t y anomaly 

i n d i c a t e s i s f i l l e d by sediments o f a d e n s i t y l e s s than 2.1 gm cm ^. 

The anomaly caused by t h i s b a s i n i s a pronounced f e a t u r e on the 

Bouguer anomaly map w i t h a c o r r e c t i o n d e n s i t y o f 2.0 gm cm ^ ( f i g . 

2.6). The o v e r l y i n g l a y e r i s absent i n p l a c e s and i s unconformable 

w i t h t h e u n d e r l y i n g sediments. A minor u n c o n f o r m i t y can be seen a t 320 

km (west o f 62°W) on p r o f i l e H I . 

The u n d e r l y i n g sediments have an i r r e g u l a r t o p s u r f a c e and 

c o n t a i n many r e f l e c t o r s d i p p i n g t o the west, which are seen b e s t on 

p r o f i l e H I . These d i p p i n g r e f l e c t o r s commence c l o s e t o the break 

o f slope a t the e a s t e r n edge o f slope and c o n t i n u e t h r o u g h t o the 

Barbados Ridge c r e s t . The amount o f d i p v a r i e s , and the maximum v a l u e 

o f 7° i s seen a t 280 km, but n o r m a l l y the d i p i s 5° or under (assuming 

a sediment v e l o c i t y o f 2.0 km s ^) On one playback o f t h e r e f l e c t i o n 

r e c o r d a l o n g H I the d i p p i n g r e f l e c t o r s were l o n g e r , more numerous, and 

more pronounced than shown i n f i g . 4.9. Since t h i s r e c o r d was o b t a i n e d 

m o d i f i c a t i o n s were made t o the playback equipment, and the r e c o r d was 

found t o be unrepeatable even though numerous f i l t e r s e t t i n g s were 

t r i e d . How t h i s anomalous r e c o r d was o b t a i n e d i s s t i l l unknown. When 

o n - l i n e d i g i t a l f i l t e r i n g f a c i l i t i e s become a v a i l a b l e a t Durham 

U n i v e r s i t y , and more s o p h i s t i c a t e d f i l t e r s and common depth p o i n t 

s t a c k i n g are a p p l i e d t o the r e c o r d i t i s hoped t h a t t h i s enigma w i l l 

be r e s o l v e d . Chase and Bunce (I969) r e c o g n i s e d r e f l e c t o r s which d i p 

a t 30° t o t h e west and l e a d from the d e c l i v i t e s between the rounded 

h i g h s on the i r r e g u l a r f i r s t sub-bottom r e f l e c t o r . These they 

i n t e r p r e t e d as t h r u s t f a u l t s formed as a r e s u l t o f u n d e r t h r u s t i n g o f 

th e s e a f l o o r beneath the sediments, making a comparison w i t h t h e w e l l 
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known sand-box experiment of Hubbert (1951)- As w i l l be discussed 

i n chapter 8, t h i s experiment i s not a p a r t i c u l a r l y good analogy 

here, and i t does seem that Chase and Bunce i n t r y i n g to prove t h e i r 

case have been over o p t i m i s t i c i n t h e i r i n t e r p r e t a t i o n of these 

dipping r e f l e c t o r s . B r i e f a n a l y s i s of t h e i r shape and a t t i t u d e 

leads one to think that they might be r e f l e c t i o n hyperbolae from 

sloping faces i n the i r r e g u l a r top r e f l e c t o r . The asymptote to a 

r e f l e c t i o n hyperbola from a point at the depth considered dips at 40° 

The dip produced from a convex surface w i l l be l e s s . Also a f a u l t 

may not be a good r e f l e c t o r unless rocks of d i f f e r i n g density and 

seismic v e l o c i t y were separated by the f a u l t . Although t h i s i s 

p o s s i b l e , there i s no evidence to show that i t i s l i k e l y . 

Seismic r e f r a c t i o n l i n e s across the slope found s e v e r a l v e l o c i t i e s 

l i k e l y to be from sedimentary rocks. L i n e s E17 and E19 show a l a y e r 

of v e l o c i t y 2.58 and 2.4l km s underlying a v a r i a b l e t h i c k n e s s 

(0.54 to 2.58 km) of a l a y e r of assumed v e l o c i t y 1.7 km s ^ which 

i s the overlying l a y e r i d e n t i f i e d on the r e f l e c t i o n records. At the 

western end of E19 an apparent surface v e l o c i t y of 1.91 km s "̂ was 

obtained. The sediment v e l o c i t y obtained at s t a t i o n h i of LASP 

was 2.45 km s \ At the eastern side of the slope the "2.5" l a y e r 

appears to l i e d i r e c t l y on oceanic basement. Further west (E19) i t 

o v e r l i e s a l a y e r of v e l o c i t y 4.31 km s Both lower sedimentary 

l a y e r s thicken towards the west. The th i c k n e s s of the "2.5" l a y e r 

ranges from 2.6 to 6.2 km, and that of the 4.3 km s~^~ l a y e r v a r i e s 

between 3*1 and 3-9 km. 

According to p l a t e t e c t o n i c hypotheses, the A t l a n t i c Ocean f l o o r 

i s being thrust beneath the sediment p i l e on which Barbados i s 
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s i t u a t e d , deforming the sediments i n the process. As mentioned above, 

Chase and Bunce (1969) claimed to have found t h r u s t s a s s o c i a t e d with 

t h i s deformation. The t e c t o n i c s of t h i s are t r e a t e d more f u l l y i n 

chapter 8, but i t i s apt here to consider what sedimentary feat u r e s are 

l i k e l y to be r e l a t e d to any under thrusting-process. The shape of the 

slope i s s i g n i f i c a n t i n t h i s r espect. The rough nature of the bottom 

topography and sub-bottom r e f l e c t o r s i s i t s e l f suggestive of t e c t o n i c 

a c t i v i t y . The f i n a l curve of the slope down to the ocean f l o o r i s 

convex and cannot be a t t r i b u t e d to the normal sedimentary processes 

of erosion and deposition which would tend to give i t a concave 

p r o f i l e . I t resembles the toe of an enormous earth s l i p , and t h i s may 

be a good analogy except that instead of the upper m a t e r i a l moving-

over that beneath, i t i s the m a t e r i a l underneath that i s moving. I f 

t h i s analogy i s c o r r e c t , then a c t i v e deformation of the sediments i s 

only taking place i n the f i r s t ^ or 50 km of the slope, where i t 

r e t a i n s i t s convex shape. I t seems that i n the f i r s t 50 km the 

sediments are u p l i f t e d and t i l t e d back to the west, g i v i n g r i s e to 

the s e r i e s of dipping r e f l e c t o r s seen on HI. The north-south 

p r o f i l e s , D2 and D3, show some dipping r e f l e c t o r s , but the angle and 

d i r e c t i o n of dip v a r i e s , and most seem to be a s s o c i a t e d with the 

sloping down of sediments towards the north of the p i l e . 

F i g . 4.10 shows a photograph of the r e f l e c t i o n record on HI at 

the foot of the slope. I t can be seen that the r e f l e c t o r s dip s l i g h t l y 

to the west even where they are below the f l a t ocean bottom, but that 

where the slope begins the l a y e r s dip more strongly and that i t i s the 

upper l a y e r s which are a f f e c t e d f i r s t . The lower l a y e r s extend a 

l i t t l e way below the foot of the slope without any disturbance. 
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Correlation of seismically defined layers with rock formations. 

The probable nature of rocks overlying refle c t o r s i n the 

Atlantic Ocean fl o o r has already been discussed i n some d e t a i l . 

The correlation of the apparent layers i n the Barbados Slope 

with formations of known ages poses a problem. At the crest of the 

Barbados Ridge north of Barbados, the sediment containing dipping 

reflectors seems to be well established from dredge samples as part of 

the Scotland Formation. At the eastern side of the slope, the 

Scotland Formation, i f present,must be at the base of the sediment p i l e . 

So, many of the dipping reflectors are i n rocks of a younger age than 

the Scotland Formation. The "2.5" layer, however, extends continuously 

from the Barbados Ridge to the Atlantic Ocean fl o o r and must therefore 

be diachronous. The layers defined by the refraction method must be 

pr i n c i p a l l y the result of compaction, although i t i s l i k e l y that the 

boundary between the "2.5"and h.Jl km s ̂  layers represents some 

discontinuity i n the structure and history of the sedimentary p i l e . 

Much of the overlying layer i n the Barbados Slope region must 

by young i n age, especially those parts which f i l l minor troughs 

on the slope and those on the eastern edge of i t . The p r o f i l e s of 

Bassinger show that the sediments f i l l i n g the basin east of the 

Barbados Ridge unconformably overlie those draped over the ridge, which 

means that they are of the same age as A* i n the Tobago Trough. At 

some places on the slope the overlying layer i s presently being eroded 

and i t seems that much of the overlying layer i s older than A*. 

Turbidite deposits are mainly derived from the continental shelf 

of South America and t u r b i d i t y flows w i l l not be able to climb the 
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slope once they are on the ocean f l o o r . Any flows emerging onto the 

slope w i l l either be trapped i n the small troughs or descend by the 

most direct route to the ocean f l o o r . Most of the erosional products 

from Barbados and the ridge w i l l be swept into the Tobago Trough by 

the strong westward moving ocean current, except immediately to the 

east of Barbados. A large proportion of the overlying sediment 

layer on the slope, except for the trough f i l l s , i s l i k e l y , therefore 

to have been deposited before the slope was u p l i f t e d substantially. 

The unconformity at 320 km on HI may be between the Oceanics and the 

Scotland Formation, but i t i s just as l i k e l y to be younger. 

Higgins (1959) compared seismic velocity data from boreholes i n 

Trinidad with seismic refraction results (mainly Ewing and others, 1957) 

from the adjacent sea area. He suggested that the 2.2 - 2.6 km s ^ 

layer (layer C of the Tobago Trough) corresponds to Plio-Miocene rocks, 

that the 2.9 - 3»^3 km s ^ layer (D) corresponds to Oligocene-Eocene 

rocks, and that the ^f.9 - 5-33 km s ^ layer corresponds to the 

metamorphics of the North Range of Trinidad which are mostly p h y l l i t e s , 

quartzites and limestones of lower greenschist facies metamorpism. 

The s t r a t i f i e d sediments of layers A to C overlie the Miocene rocks of 

Barbados and are therefore of late Miocene to Recent age. Layer A* 

i s almost certainly Quaternary and i t i s l i k e l y that some of Layer A 

i s Quaternary also. Higgins did not put forward any correlation 

for the 3*8 - +̂.0 km s ^ layer (E), but i t i s possibly of early 

Tertiary age and composed mainly of Scotland Formation sediments, as 

must be most of layer D. 

I t seems that Cretaceous rocks do not occur i n the top few 

kilometres of sediment, but the ocean crust (see Chapter 7) i s old 
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enough for them to be present somewhere i n the sequence, and they 

may now be metamorphosed to some extent and form the k.9 - 5»33 

layer which rises under the Barbados Ridge towards the continental 

shelf. Metamorphism of s u f f i c i e n t l y high grade could have been 

achieved by b u r i a l i n the trench, which the Barbados Ridge now 

covers, to a depth of 15 km. Deformation would aid the development 

of lower greenschist facies rocks (Turner, 1968). 

As has already been remarked on above, the correlation between 

layering determined seismically and rock formations i s a far from 

straightforward process when borehole data i s sparse, and especially 

when i t can be seen that some layers defined by seismic refraction are 

diachronous. A layer defined by seismic r e f l e c t i o n may vary i t s 

seismic velocity according to i t s depth and i t s l i t h o l o g y may also 

vary along i t . Some of the layers i n the Tobago Trough vary from 

sands r i c h i n volcanic products on the western margin to fine s i l t s 

and clays on the eastern margin. The structural relations between 

layers and outcrops of known age and lit h o l o g y are of great importance 

i n determining the nature and ages of the layers. 

The Basement 

The basement i n t h i s region i s either oceanic or derived from 

the volcanic island arc. I n either case i t i s composed of basic 

igneous rocks, and i s therefore magnetic, which means that analysis of 

magnetics as well as gravity and seismic data w i l l aid the elucidation 

of the basement structure. Except for the A t l a n t i c Ocean Floor, the 

seismic r e f l e c t i o n method has not penetrated to the basement, but 

seismic refraction exper iments have detected i t i n many areas. The 
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results of the magnetic analysis w i l l be dealt with f i r s t , followed 

by the combined interpretation of gravity, magnetic and seismic evidence. 

Direct magnetic interpretation 

The most intense magnetic anomalies i n the area occur i n the 

region of the island arc. East of the arc the anomalies are of 

smaller amplitude (<100 gammas) and longer wavelength (50 to 100 km). 

On the western flank of the Barbados Ridge ( f i g . 2.9) there i s a 

north-south trending positive anomaly with a wavelength of about 90 km. 

Magnetic p r o f i l e s across t h i s anomaly are shown i n f i g . 4.11 and the 

alignment of anomalies i s more clear from the p r o f i l e s than from the 

map. The trend i s s l i g h t l y east of north, and on some lines anomalies 

of shorter wavelength are present. Those occurring on lines at 

latitudes 13 39 f , 13 and 13 ^9' N were discussed above i n 

the context of the structure of the sediments composing the Barbados 

Ridge, and are thought to be caused by a magnetic body of sedimentary 

o r i g i n at a depth of about k km. The shorter wavelength anomalies at 

latitudes 13 I V and 13 19' N may have a similar cause. 

The long wavelength anomaly may be produced by magnetic rocks 

within the Barbados Ridge, but there i s another p o s s i b i l i t y , which 

i s that the anomaly i s caused by the shape of the basement. The 

seismic refraction results indicate that the basement dips from the 

east and the west below the Barbados Ridge and t h i s i s corroborated 

by the gravity anomaly. 

The structure of the magnetic basement was modelled using a two 

dimensional model. The positions of the corners of the faces and 

the angle of magnetisation i n the plane of the p r o f i l e were found by 



4.11 Magnetic anomaly, p r o f i l e s across the Barbados Ridge 

and east Tobago Trough. Upper part shows the 

anomalies superimposed. The lower part shows the 

anomalies spaced proportionally to the l i n e spacing. 
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non-linear optimisation. This method finds the minimum of a function, 

which i n t h i s case was the variance of the difference between the 

observed magnetic anomaly and the computed values. The magnetisation 

and the background value of the magnetic f i e l d were obtained by 

linear regression of the computed values on the observed values of the 

anomaly. The computations were carried out by the subroutine OPTIMAG 

with the MINUIT optimisation program (see appendices 4.1 & 4.2). 

Two types of models were used. One was a simple interface 

between magnetic basement and non-magnetic cover. The other was a 

layer of constant thickness at the top surface of the basement. This 

l a t t e r i s the situation which approximates most closely to that of 

oceanic crust, where the upper part of layer 2 i s most strongly 

magnetised, and produces the linear anomalies due to remanent 

magnetisation reversals characteristic of ocean basins. Talwani, 

Windisch and Langseth (1971)» from a detailed study of the Reykjanes 

Ridge crest, calculated t h i s layer to be 0.4 km thick. Vine and 

Moores (1972) have examined the magnetic properties of rocks from 

the Troodos Massif of Cyprus which are thought to be part of an 

u p l i f t e d segment of oceanic crust, and considered that the probable 

thickness of the highly magnetised layer i s 0.5 to 1.0 km, and consists 

e n t i r e l y of pillow lavas, whereas the rest of layer 2 also contains 

dykes. I n the model used here the magnetised layer was taken to be 

0.4 km thick. 

The s t a r t i n g shapes for the models were estimated from the seismic 

refraction data and bounds were placed on the movement of the body 

points to keep them within the l i m i t s imposed by the seismic r e f r a c t i o n 

results. At the st a r t of each optimisation sequence, the shape of the 



4.12 The magnetised body model derived to f i t the magnetic 

anomaly on the east flank of the Barbados Ridge at 

lati t u d e 12° 54' N. The model i s an interface 

between magnetised and nonmagnetised rock. The 

angle of dip of the magnetisation vector i s -32.5°« 

S i s the standard error. C i s the correlation 

coefficient. B i s the value of the background to 

the anomaly. Dots are the observed values. The 

continuous curve i s the calculated anomaly. 

4.13 The magnetic anomaly on the l i n e at latitude 

12° 5̂ -' N modelled by a magnetised layer 0.4 km 

thick. The dip of the magnetisation i s - 2 6 . 4 ° . 
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body was held while the angle of magnetisation i n the plane of the 

p r o f i l e was varied to obtain the best f i t with the i n i t i a l shape 

estimated from the seismic data. 

Models of the magnetic basement shape are shown i n f i g s . 

4.12, 4.13, 4.14 and 4.13. The layer models produce better f i t s to 

the anomaly than the interface models, and also have shapes which 

are more compatible with the seismic and gravity data, producing the 

anomalies from a smoother form than the interface models, which have 

a more angular shape. The interface model was used to give the 

shape of the top of the basement layer i n gravity models of the 

Barbados Ridge area, and was found to be quite compatible. 

The values of magnetisation obtained for the layer model are 

of the r i g h t order of magnitude for the top of oceanic layer 2 

(Vine and Moores, 1972), but are a l i t t l e high, which suggests that 

the layer may be thicker than 0.4 km. The magnetisation obtained for 

the p r o f i l e at 12 34' N, using a layer 0.4 km thick, was 0.081 emu 
-3 —3 

cm , and that obtained for a layer 1.0 km thick was 0.034 emu cm . 

The angle of dip of the magnetisation vector i s not far from horizontal 

and i s very dif f e r e n t from that expected from induced magnetisation, 

which would be 80° when projected i n the plane of the p r o f i l e s . I f the 

model i s v a l i d , then the magnetisation must be mainly remanent. The 

angle and direction i s similar to those obtained from Cretaceous rocks 

around the Caribbean (MacDonald and Opdyke, 1972). The crust i n the 

region of Barbados, both sides of the subduction zone, i s l i k e l y to be 

of Cretaceous from various lines of evidence, which are discussed i n 

Chapter 7, mainly the oceanic magnetic anomaly pattern. 
A possible variant of the model considered i s one i n which the 



4.14 The magnetic anomaly at l a t i t u d e 12° 59' N modelled 

using a magnetised layer 0.4 km thick. The dip of the 

magnetisation i s 4 .3° . Dots are the observed values. 

The continuous curve i s the calculated anomaly. S 

i s the standard error. C i s the correlation 

coefficient. B i s the background to the anomaly. 

4.15 The magnetic anomaly at latitude 13° 24' N modelled 

using a magnetised layer 0.4 km thick. The dip of 

the magnetisation i s -34.5°« 
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anomaly would be due i n part to a change i n magnetisation across the 

point of subduction beneath Barbados, i f the crust being subducted 

has a diffe r e n t magnetisation to that opposing i t . Although t h i s 

may not be d e f i n i t e l y excluded, i t does appear from the earthquake 

f o c i i ( f i g 6.7) and the gravity model ( f i g . 4.20) that the subduction 

point may be up to 40 km too far east of the anomaly for t h i s to be a 

significant contributor to i t . 

The magnetised layer i s deep below Barbados and t h i s may raise 

questions about the s t a b i l i t y of the magnetisation. With a normal 

oceanic geothermal gradient magnetite i s stable to about 20 km, and 

i n t h i s region of thick sedimentary cover, temperatures are l i k e l y 

to be depressed. Heat flow measurements i n the v i c i n i t y of Barbados 

give values which are half thoseobtained i n the Atlantic Ocean basin 

(Von Herzen, Simmons and Folinsbee, 1970). There i s also the effect 

of low to medium grade metamorpism to be considered, and greenschist 

facies metamorpism could lower the magnetisation by an order of 

magnitude (Vine and Moores, 1972). I f the temperatures are lowered 

however, and they may not be more than 250°C, then metamorphism may 

follow a trend through the prehnite-pumpellyite metagraywacke facies 

towards the glaucophane schist facies, and magnetite may not be badly 

altered. 

The magnetic anomalies over the island arc are complicated, and 

indicate the presence of many magnetic bodies. The island arc i s a 

linear magnetic body of a sort, but i t i s quite clear that many of the 

magnetic bodies composing i t are not linear or planar i n shape and are 

comparatively ir r e g u l a r . Anomalies east of St. Vincent ( f i g . 2.9) have 

a r e l a t i v e l y circular shape. I n between St. Lucia and St. Vincent i t 
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was not possible to contour the magnetic anomalies at the l i n e spacing 

of the survey, because of the great v a r i a b i l i t y of them. 

To obtain some idea of the possible form of magnetic bodies, 

a two dimensional model was computed for the island arc at the 

southern end of St. Vincent. This l i n e was chosen because i t 

appeared to be a point on the arc where a two dimensional body would 

be least l i k e l y to be in v a l i d . The calculated anomaly and body 

shapes were produced by non-linear optimisation (subroutine CB-OPTIMAG, 

Appendix C 4.3)• They are shown i n f i g . 4.16. I t was necessary to use 

three bodies to obtain a good f i t of the calculated to the observed 

curve. The top surfaces of the bodies were l i m i t e d i n the amount by 

which they could vary t h e i r position, so that they conformed to the 

shape of the basement obtained from gravity and seismic interpretation. 

A l l parameters were optimised non-linearly. 

The i n t e n s i t i e s of magnetisation and the dips of the 

magnetisation vector obtained for the model are much what one might 

expect from the measured s u s c e p t i b i l i t i e s and remanent magnetisations 

of lavas from St. Vincent (Khan, 1968). The mean su s c e p t i b i l i t y 

measured by Khan on St. Vincent was 0.0016 cgs, and the mean remanent 
-3 

magnetisation was 0.00262 emu cm . Masson Smith and Andrew (I965) 

obtained a mean of i n s i t u measurements of the magnetisation of 0.005 

-3 
emu cm . 

The model does not quite match the short wavelength parts of the 

anomaly, and there must be some near surface changes i n magnetisation, 

or small structures that could arise from intrusions and lava flows. 

The west side of the model i s negatively magnetised and r e l a t i v e l y 

uncomplicated, whereas the east side i s negatively and positi v e l y 
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magnetised and f a i r l y complex. The shape of the most str o n g l y 

magnetised pa r t of the east side of the model i s f a i r l y a r b i t a r y and 

as the anomaly t o which i t i s matched i s not very l i n e a r i t can 

only be taken as a body of d i f f e r e n t magnetisation without too 

much s i g n i f i c a n c e being placed on i t s shape. 

Along the west side of the i s l a n d arc the magnetic anomaly i s 

co n s i s t e n t l y negative, increasing i n amplitude from the Grenada 

Trough towards the centre of the arc, where short wavelength anomalies 

occur. East of the arc, the anomalies vary, being sometimes p o s i t i v e 

o v e r a l l and sometimes negative. Line 10 at l a t . 13° N ( f i g . *f . l 7 ) 

shows an o v e r a l l negative anomaly produced by the arc disturbed a t 

the centre by a p o s i t i v e anomaly w i t h many short wavelength components. 

The data of Bunce and others (1971) indicates the persistence of the 

anomaly on the west side of the arc as f a r south as l a t . 12.7° N, and 

i t s absence at l a t . 15.6°N. 

Magnetics t o g r a v i t y transformation 

Another approach t o the i n t e r p r e t a t i o n of the magnetic anomalies 

i s t o derive a pseudo-gravity anomaly from the magnetic anomaly and use 

t h i s as an i n d i c a t i o n of the st r u c t u r e of the magnetised rocks. The 

transformation was accomplished using a program (TR/MG) w r i t t e n by 

Ingles (1971)• This program f i r s t calculates the equivalent layer t h a t 

w i l l give the observed magnetic anomaly by a matrix s o l u t i o n . The 

depth t o the layer i t s thickness, the widths of the blocks making 

i t up and the magnetisation d i r e c t i o n are s p e c i f i e d . The program solves 

f o r the i n t e n s i t i e s of magnetisation i n the blocks and the g r a v i t y 

anomaly i s calculated by assuming a constant r a t i o between magnetisation 



Bathymetry and magnetic anomalies on four p r o f i L 
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and density. 

The purpose of using the technique here i s mainly to determine 

whether the magnetic anomalies are p r i n c i p a l l y due t o v a r i a t i o n s i n the 

magnetisation of the magnetised rocks or i n the shape of bodies of 

magnetised rock. I f the former i s the case, then the pseudo-gravity 

anomalies w i l l be unrelated to the observed g r a v i t y anomalies. I f 

the l a t t e r i s t r u e , then there should be good c o r r e l a t i o n between the 

observed and pseudo-gravity anomalies, provided that yu , the angle 

of i n c l i n a t i o n of magnetisation vector i n the plane of the p r o f i l e , i s 

known. I f the value of yu i s known, then the pseudo-gravity anomaly 

may be used t o i n t e r p r e t the shape of the magnetised body w i t h simple 

g r a v i t y i n t e r p r e t a t i o n techniques. C o n v e r s e l y ^ , the dip of the 

magnetisation vector i n the plane of the magnetic p r o f i l e , may be 

estimated by s o l v i n g t o f i n d the value o f w h i c h gives the best 

c o r r e l a t i o n between the pseudo and observed g r a v i t y anomalies. 

The i s l a n d arc i s the only s t r u c t u r e i n the area of study where 

the g r a v i t y anomaly i s caused mainly by rocks which are magnetic. Even 

so, the r e l a t i o n s h i p between g r a v i t y and magnetic anomalies i s not a 

simple one. The g r a v i t y anomaly over the arc contains a negative 

long wavelength component due to the root below the arc, which reduces 

the apparent amplitude of the anomaly r e s u l t i n g from the upper s t r u c t u r e 

of the magnetic rocks. Also, w i t h i n the c r u s t a l rocks there are 

igneous cumulates which have a higher density but lower magnetisation 

than other rocks and consequently a lower r a t i o of magnetisation t o 

density. 

The magnetics t o g r a v i t y transform was applied t o four l i n e s 



across the arc at l a t i t u d e s 13° OV , Zk\ 3V and W N. The top of 

the equivalent layer was at a depth of 1 km, and the bottom at 6 km. 

The block widths v a r i e d from 2 t o km, depending on the spacing of 

the data p o i n t s . The pseudo-gravity anomaly was compared w i t h the 

Bouguer g r a v i t y anomaly (density 2.0 gm cm ̂ ) by the program CLTOR 

(appendix C*f.5), which found the c o r r e l a t i o n c o e f f i c i e n t between the 

two anomalies, and by regressing the pseudo-gravity anomaly on t o 

the Bouguer anomaly found the r a t i o of magnetisation contrast t o 

density contrast. 

Correlations between the pseudo g r a v i t y anomaly and the observed 

g r a v i t y anomaly were found to be poor f o r magnetisation d i r e c t i o n s i n 

tha t of the Earth's f i e l d . The c o r r e l a t i o n c o e f f i c i e n t was 0.088 f o r 

the l i n e at 13° 3 V N and -0.090 f o r the l i n e a t 13° OV N which 

implies no s i g n i f i c a n t c o r r e l a t i o n . The angles of yu were varied to 

f i n d the best c o r r e l a t i o n , and f o r the l i n e a t 13° 3^' N i t was 

found t o be -70° w i t h a c o r r e l a t i o n c o e f f i c i e n t of 0.739 which could 

be taken t o i n d i c a t e a f a i r l y strong connection between the two 

anomalies. The r e s u l t i s , however, dependent on the number of pa i r e d 

values of the two anomalies included i n the c o r r e l a t i o n . The value of 

-70° for^x was obtained on 72 p o i n t s across the arc. A c o r r e l a t i o n 

c o e f f i c i e n t of 0.771 was obtained f o r an angle JLA of -60° when 93 data 

p o i n t s were used, extending the section included i n the c o r r e l a t i o n 

f u r t h e r east. The length o f record used f o r c a l c u l a t i n g the pseudo 

g r a v i t y anomaly was longer than the section over which c o r r e l a t i o n was 

obtained. F i g . *f.l8 shows the g r a v i t y , pseudo-gravity, and magnetic 

anomalies on the l i n e s a t l a t i t u d e s 13° 24', 13° 3^'i and 13° kk% N 

fo r the optimum value of u . The angle of magnetisation g i v i n g the 
r 



^.18 Comparisons of the magnetic anomalies, the Bouguer 

g r a v i t y anomalies and the magnetic-gravity transform 

on three l i n e s across the i s l a n d arc between St. Lucia 

and St. Vincent. C i s the c o r r e l a t i o n c o e f f i c i e n t 

between the Bouguer anomaly and the magnetic-

g r a v i t y transform. D i s the dip of the magnetisation 

Values of the g r a v i t y on the l e f t hand scale are 

in d i c a t e d by G, magnetics by M. 
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g i v i n g the maximum c o r r e l a t i o n c o e f f i c i e n t f o r l i n e a t 13 3V N 

and 13° kk' N i s 10°, For the l i n e at 13° 3 V the maximum value 

of the c o r r e l a t i o n c o e f f i c i e n t was obtained w i t h the Bouguer anomaly 

f o r a density of 2.67 gm cm~^. The c o r r e l a t i o n c o e f f i c i e n t f o r 

the 2.0 gm cirT^ anomaly i s O.*t09. This r e s u l t implies t h a t the magnetic 

rocks are more dense than 2.67 gm cm . This i s possible, but the 
-3 

other l i n e s analysed give b e t t e r c o r r e l a t i o n w i t h the 2.0 gm cm 

anomaly. The influence of sediment s t r u c t u r e and the crust/mantle 

i n t e r f a c e was not included i n the analysis and t h i s may be unduly 

a f f e c t i n g the c o r r e l a t i o n s . 

The r a t i o s of magnetisation contrast t o density contrast obtained 

were 0.00^3, 0.0200 and 0.005^ f o r the l i n e s at 13° 2V, 13° 3V and 
13 kk% N re s p e c t i v e l y . I f we assume that the magnetic anomalies are 

p r i n c i p a l l y due to basement rocks of density 2.8 gm cm ^ (co n t r a s t s 

of 0.8 gm cm f o r the 2.0 gm cm Bouguer anomaly and 0.13 gm cm 

f o r the 2.67 gm cm ̂  Bouguer anomaly) then the values of magnetisation 

are 0.0031!-, 0.0026, and 0.00^3 emu cnf^. 

These r e s u l t s are reasonable, but the c o r r e l a t i o n s are not very 

good, and r e a l l y only show that there i s an o v e r a l l association 

between the g r a v i t y anomaly and magnetic anomaly produced by the arc. 

I n d i v i d u a l anomalies do not show good c o r r e l a t i o n and i t i s clear t h a t 

the s t r u c t u r e of the magnetic rocks i s not the only cause of the magnetic 

anomalies. This i s brought out by the dependence of the c o r r e l a t i o n 

c o e f f i c i e n t on the number of data p o i n t s included i n the ana l y s i s . 

Using a d i f f e r e n t section of record, a d i f f e r e n t angle o f magnetisation 

can be obtained. C o r r e l a t i o n i s worst on the east side of the arc, and 

from t h i s i t may be i n f e r r e d that the anomalies there are mainly due to 
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v a r i a t i o n s i n the d i r e c t i o n and i n t e n s i t y of magnetisation. This 

could be the r e s u l t of the m u l t i p l e i n t r u s i o n and extrusion of 

magnetic rocks over a comparatively long period. 

The values of jm obtained are probably not of great s i g n i f i c a n c e 

i n view of the probably large number of magnetic bodies which are 

involved, but i t does seem l i k e l y that many of them have a strong 

h o r i z o n t a l component. A good c o r r e l a t i o n may have been obtained on 

the l i n e at l a t . 13° kk% N because the c e n t r a l section was missing 

and the short wavelength anomalies which are so prominent on the 

other l i n e s , and c l e a r l y from a d i f f e r e n t source t o the anomaly over 

the west side of the arc, were excluded from the analysis. I f the 

c e n t r a l anomalies are of a comparatively young age, then the older 

rocks may be those w i t h an almost h o r i z o n t a l magnetisation which may 

be s i g n i f i c a n t i n view of the low angles of magnetisation obtained 

f o r the magnetic basement below Barbados. Even so, the form of the 

magnetised rocks can be modelled qu i t e r e a l i s t i c a l l y without 

recourse t o using a h o r i z o n t a l vector, as was shown above f o r the 

p r o f i l e a t l a t i t u d e 13° OV N ( f i g . * f . l 6 ) . 

Spectral analysis of the magnetics 

I n order t o overcome the ambiguity between the e f f e c t s of 

s t r u c t u r e , and magnetisation d i r e c t i o n and i n t e n s i t y on magnetic 

anomalies, a technique which i s v i r t u a l l y independent of these e f f e c t s 

was applied t o the magnetic records. The method used calc u l a t e s the 

depth t o the magnetic basement from the slope of the one dimensional 

power spectrum of the magnetic anomaly. This was i n v e s t i g a t e d and 

developed by M. K. Lee (1972), whose program package was used t o 
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analyse the records. The method w i l l not reveal the shape of the 

magnetic rocks, but w i l l give an average depth t o them over the 

length of the p r o f i l e . I n theory t h i s p r o f i l e should be i n f i n i t e l y 

long, but i n p r a c t i s e i t need only be several times longer than the 

longest wavelength component of the sampled anomaly. The choice of 

p r o f i l e length needs some care. The length of the l a g window must 

be such that i t w i l l sample a l l the frequencies present, yet i t 

should not be greater than 2£P/o of the t o t a l l e n g t h . Lee showed th a t 

the smaller the l a g window length i s , the closer the ca l c u l a t e d 

estimate of the power spectrum i s t o the t h e o r e t i c a l one. 

I n the area studied, where the depth to magnetic basement may 

vary considerably, the shorter the p r o f i l e i s the less ambiguous i s 

the r e s u l t as to what area of basement i s at what depth. I f the p r o f i l e 

i s too short, the method becomes inaccurate. Taking these f a c t o r s 

i n t o consideration the method was applied to several p r o f i l e s , using 

a Harming window of length 0.2 of the p r o f i l e l e n g t h . The r e s u l t s are 

shown i n f i g . *f . l 9 -

Over the i s l a n d arc the r e s u l t s are s a t i s f a c t o r y ; the depth 

estimates being a l i t t l e greater than the water depth. I n the r e s t 

of the area they are less encouraging. The north-south l i n e a t 

longitude 57° W y i e l d s an estimate of ^.8 km f o r the basement depth, 

which i s the depth of the water, and seismic evidence shows the probable 

magnetic basement to be 2 to 3 km deeper. S i m i l a r l y , i n the region of 

the Tobago Trough, the estimates of the depth t o magnetic basement 

are shallower than might be expected from seismic r e s u l t s , by 3 t o 3 

km. The most southerly l i n e east of Barbados gives 9.8 km which i s 

probably a good average value, but s t i l l l i k e l y t o be a s l i g h t under 
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estimate. Lines f u r t h e r n o r t h seem f a r too low. 

The underestimation of the depth t o magnetic basement i s probably 

due i n p a r t t o the presence of short period f l u c t u a t i o n s i n the records 

caused by solar magnetic disturbances t h a t were not completely removed 

during the reduction of the magnetic data. Because of t h i s the l i n e s 

that were used were those which were run on magnetically quieter days, 

but some disturbances remain. There are a few f l u c t u a t i o n s i n the 

h o r i z o n t a l f i e l d w i t h periods of kO t o 80 minutes and amplitudes of up 

to 10 gamma on the magnetograms f o r the days used. I f these remained 

uncorrected they would appear on the magnetic p r o f i l e s as anomalies w i t h 

wavelengths of Ik to 30 km and amplitudes up to 7 gamma, which would 

e f f e c t the power estimate f o r the f i r s t four wave numbers, from which 

the depth i s estimated. A rough estimate of the power i n some of the 

disturbances compared w i t h the power I n the f i r s t h wave numbers shows 

that there could be a noticeable e f f e c t leading t o an underestimate of 

depth of about 10$. This i s not as great as the apparent e r r o r observed. 

Taking f o r example the l i n e a t longitude 57°W, from seismic r e f r a c t i o n 

the basement i s expected at a depth of 8 km, but the power spectrum o f 

the magnetics puts i t a t *f.8 km. Lee (1972), however, obtained a depth 

estimate of 3 km from the power spectrum of a basement model at 3 km. He 

a t t r i b u t e d the discrepancy t o an incomplete representation of a l l the 

frequencies i n h i s basement model, which should contain a l l frequencies 

at equal amplitude. This may be the reason f o r underestimation here. 

Also there i s the p o s s i b i l i t y of higher magnetic sources than the 

igneous basement. A possible high l e v e l body i n the Barbados Ridge 

was discussed i n the section of sediments. 

The sp e c t r a l analysis has been of some use i n g i v i n g a rough idea 
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of the v a r i a t i o n of the depth of the magnetic basement. I t has not 

provided an accurate method of estimating the depth, except where 

the magnetic basement i s close t o the surface, such as over the 

i s l a n d arc. 

Combined i n t e r p r e t a t i o n . 

This took the form of two dimensional modelling t o f i t the 

g r a v i t y anomaly, i n which the parameters of the model were constrained 

t o conform w i t h seismic measurements, and to a lesser degree w i t h the 

magnetic i n t e r p r e t a t i o n . The shape of the body was found by non-linear 

o p t i m i s a t i o n using the subroutine OPTIGRAV (appendix Ck.k) i n 

conjunction w i t h MINUIT. 

Three l i n e s were chosen f o r study of the st r u c t u r e across the 

region. These were at l a t i t u d e s l 2 ° 5V N, 13° OV N, and 13° Zh1 N. 

Lines f u r t h e r n orth were not used, because east-west s t r u c t u r e s , which 

are analysed below, lessen the v a l i d i t y of two dimensional i n t e r p r e t a t i o n . 

I n the Tobago Trough l i n e s chosen f o r i n t e r p r e t a t i o n run along or close 

to the seismic r e f l e c t i o n p r o f i l e s , and the LASP seismic r e f r a c t i o n 

l i n e crosses them diagonally. 

The anomaly used f o r i n t e r p r e t a t i o n was a Bouguer anomaly, t a k i n g 

i n t o account the two dimensional e f f e c t of the bathymetry, c a l c u l a t e d 

f o r a sediment density of 2 .1 gm cm~^. The model was derived by 

c a l c u l a t i n g the departure of the c r u s t a l s t r u c t u r e from t h a t of the 

A t l a n t i c Ocean east of the Lesser A n t i l l e s , which was taken as the 

standard section. The Bouguer value over the ocean was subtracted 

from the Bouguer anomaly over the area studied t o give the anomaly 
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r e l a t i v e t o the stand a r d s e c t i o n . I n o b t a i n i n g t h e Bouguer anomaly 

over t h e ocean, use was made o f g r a v i t y and bathymetry measured 

across t he A t l a n t i c a t l a t . 1 3 ° N by HMS VIDAL on the NAVADO p r o j e c t . 

The g r a v i t a t i o n a l e f f e c t o f the low v e l o c i t y sediments ( 1 . 7 km s 1 ) i n 

the Tobago Trough was removed from t he anomaly by c a l c u l a t i n g t h e 

anomaly due t o them w i t h GRAVN ( B o t t , I 9 6 9 ) w i t h body p o i n t s 

d e r i v e d from t he seismic r e f l e c t i o n l i n e s . The d e n s i t y assigned t o 

the sediments f o r t h i s c a l c u l a t i o n was 1 . 8 gm cm~^ (Horn, Horn and 

Delach, I 9 6 8 ) . 

The d e n s i t i e s used i n the model were d e r i v e d from t h e seismic 

v e l o c i t i e s u s i n g t h e e m p i r i c a l curves o f Ludwig, Nafe and Drake ( 1 9 7 0 ) , 

and Horn, Horn and Delach ( 1 9 6 8 ) . The s t r u c t u r e was modelled u s i n g 

l a y e r s w i t h t h e d e n s i t i e s and v e l o c i t i e s as f o l l o w s 

l a y e r v e l o c i t y (km s d e n s i t y (gm cm 

water 1 . 5 1 . 0 4 

u n c o n s o l i d a t e d sediment 1 . 7 1 - 8 

s e m i - c o n s o l i d a t e d sediment 2 . 5 2 . 1 

c o n s o l i d a t e d sediment ^ . 0 2.*f o r 2 . 5 

igneous c r u s t 6 . 8 2 . 9 

upper mantle 8 . 1 3 - 3 

The e f f e c t o f t h e i n t e r f a c e s between t he f i r s t t h r e e l a y e r s 

was a l r e a d y i n c o r p o r a t e d i n the anomaly b e f o r e i t was pr e s e n t e d t o t h e 

program. The v e l o c i t y o f 2 . 5 km s 1 f o r t h e s e m i - c o n s o l i d a t e d l a y e r 

i s a good average o f those o b t a i n e d i n the upper sedimentary l a y e r s , 

and t h e d e n s i t y o f 2 . 1 gm cm ' which corresponds t o i t on the e m p i r i c a l 

curve i s a l s o t h a t e s t i m a t e d t o be the b e s t Bouguer c o r r e c t i o n d e n s i t y 

by N e t t l e t o n ' s method. Layer 2 o f oceanic c r u s t was o m i t t e d from t h e 
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a n a l y s i s , because i t was not d e t e c t e d s e i s m i c a l l y and i t s f a i r l y 

c o n stant t h i c k n e s s w i l l g i v e i t l i t t l e anomalous e f f e c t on t h e 

g r a v i t y a t t h e depth which i t i s a t . I n t h e r e g i o n o f t h e i s l a n d 

arc t h e v e l o c i t i e s o b t a i n e d i n the igneous c r u s t a l l a y e r were about 
- 1 -"5 

6 . ^ km s and a d e n s i t y o f 2 .8 gm cm J was used f o r much o f t h e c r u s t 
below t h e a r c . 

The g r a v i t y models are q u i t e complex w i t h many body p o i n t s . I f 

the number o f parameters t o be v a r i e d f o r a model i s l a r g e t h e n t h e 

t i m e f o r computation can become v e r y l o n g ( > 2 0 m i n u t e s ) , and because 

of t h i s , t h e model computations were done i n two p a r t s . F i r s t t h e 

anomaly from t h e Lesser A n t i l l e s t o the A t l a n t i c was f i t t e d , and i n 

t h i s r u n t h e shape o f t h e i s l a n d a rc was i n c l u d e d as a f i x e d body 

e s t i m a t e d from the seismic measurements. I n the second p a r t t he 

anomaly across t h e i s l a n d arc was f i t t e d w i t h t h e shape o f the 

s t r u c t u r e east o f t h e Tobago Trough determined by t h e f i r s t 

c omputation i n c l u d e d as a f i x e d body. The body p o i n t s i n the r e g i o n 

o f t h e Tobago Trough were v a r i a b l e i n b o t h computations. 

The amount by which any body p o i n t i n a model c o u l d v a r y i n 

the x or z d i r e c t i o n was l i m i t e d so t h a t i t would conform t o the 

e s t i m a t e s o f t h e p o s i t i o n o f t h e l a y e r o f which i t was a p a r t , o b t a i n e d 

from seismic r e f r a c t i o n . East o f Barbados, t h e p o s i t i o n o f the oceanic 

c r u s t was c o n t r o l l e d by the r e s u l t s o f LASP ( h i ) . Between t h e i s l a n d 

arc and Barbados, the t o p o f the igneous c r u s t was bounded so t h a t t he 

d i p o f i t would n o t be l e s s t han t h a t o b t a i n e d from LASP, assuming 

an average overburden v e l o c i t y o f 3*5 km s . The t o p o f t h e k.O km s 

l a y e r was bounded t o conform t o the shape observed on the seismic 

r e f l e c t i o n p r o f i l e s , where i t was d e t e c t e d . Over the Barbados Ridge 
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t h e top o f the 4 .0 km s l a y e r was g i v e n an upper bound from t he 

r e f r a c t i o n data o f Ewing and o t h e r s ( 1 9 5 7 ) - E s t i m a t e s o f Moho depths 

o b t a i n e d by time term a n a l y s i s o f the r e f r a c t i o n data from LASP 

(C. Boynton, p e r s o n a l communication) were used i n t h e Tobago Trough 

r e g i o n . Body p o i n t s were n o t c o n s t r a i n e d t o o r i g i d l y t o these 

e s t i m a t e s , because t h e time terms were determined o n l y from 

s t a t i o n s on the v o l c a n i c i s l a n d s . Except east o f Barbados, body 

p o i n t s a l o n g the Moho were a l l o w e d a l a r g e v a r i a t i o n i n p o s i t i o n . 

The Barbados Ridge area 

I n m o d e l l i n g t h i s r e g i o n , w i t h the bounds p l a c e d on t h e s t r u c t u r e 

by seismic data as g i v e n above, d i f f i c u l t y was encountered i n o b t a i n i n g 

a model t h a t would f i t t h e anomaly when a d e n s i t y o f 2 . 4 gm cm ^ was 

used f o r t h e 4 . 0 km s ^ l a y e r . The c a l c u l a t e d anomaly f e l l below t h e 

observed by about 30 mgal over t he r i d g e , w i t h t h e basement a t a 

maximum depth o f 17-5 km. The i n t e r c e p t t i m e f o r t h e seismic 

r e f r a c t i o n s t a t i o n a t S t . P h i l l i p ' s on Barbados i n d i c a t e d t h a t t h e 

depth t o t h e basement below i t was a t l e a s t 20 km. I n o r d e r t o f i t 

t h e anomaly i t was found t o be necessary t o i n c r e a s e t he d e n s i t y o f the 
- 1 -3 

4 . 0 km s l a y e r t o 2 . 5 gm cm . A l t h o u g h t h i s no l o n g e r f a l l s on t h e 

median curve drawn t h r o u g h the p o i n t s o f the e m p i r i c a l curve o f Ludwig, 

Nafe and Drake (1970) i t i s s t i l l w e l l w i t h i n t h e s c a t t e r o f p o i n t s 

and does not seem an unreasonable f i g u r e . 

The models are shown i n f i g s . 4 .20 and 4 . 2 1 . These show t h e 

basement depressed below t h e Barbados Ridge and t h e c o n s o l i d a t e d 

sediment r i s i n g up t o a h i g h l e v e l w i t h i n t h e r i d g e . 45 km south o f 

Barbados a seismic v e l o c i t y o f 4 . 9 km s was d e t e c t e d a t a depth o f 
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if. 7 km (E22). I t i s n ot c l e a r whether t h i s occurs beneath Barbados 

or n o t . I t does not seem t o be present f u r t h e r n o r t h (E6, f i g . 3*1 ) -

To f i n d t h e e f f e c t o f t h i s l a y e r i f i t i s p r e s e n t , an a d d i t i o n a l 

l a y e r o f d e n s i t y 2 .6 gm cm ^ and t h i c k n e s s e s t i m a t e d by e x t r a p o l a t i n g 

the seismic r e f r a c t i o n r e s u l t s o f Ewing and o t h e r s ( 1 9 7 1 ) , was 

added t o t h e model. T h i s i s shown i n f i g . 4 . 2 2 , and the l a y e r i s 

accommodated i n the s t r u c t u r e w i t h o u t any s i g n i f i c a n t change o f the 

model. The Moho i s depressed s l i g h t l y , west o f Barbados, and t h e t o p 

o f t he c o n s o l i d a t e d sediments i s depressed i n p a r t , as compared w i t h 

the model i n which t h e a d d i t i o n a l l a y e r was n o t p r e s e n t . The e f f e c t 

o f t h i s a d d i t i o n a l l a y e r o f h i g h e r d e n s i t y r o c k was g r e a t e r when the 

c o n s o l i d a t e d sediments had a d e n i s t y o f 2 . 4 gm cm ^. I f o t h e r 

parameters are h e l d t he a d d i t i o n o f the e x t r a l a y e r can depress t he 

basement by 1 km t o 2 km. 

The two models shown i n f i g . 4 .22 are f o r t he l i n e a t 1 2 ° 5^ f N 

and have the basement d i p p i n g under Barbados from t h e Tobago Trough 

a t t h e lowe s t d i p e s t i m a t e d from seismic r e f r a c t i o n . The g r a v i t y 

anomaly f o r t h i s model a l s o has s u b t r a c t e d from i t t he g r a v i t y e f f e c t 

o f subducted c r u s t ( b u t n ot the e f f e c t s from t he mantle, see Chapter 

5 ) . 

I n t h e r e g i o n o f the Barbados Ridge t h e r e a re some s h o r t 

wavelength anomalies which are n o t co m p l e t e l y accounted f o r by t h e 

models. These are caused by t h e c o n t r a s t between t he u n c o n s o l i d a t e d 

and o l d e r sediments i n minor s t r u c t u r e s near the s u r f a c e . There i s 

n o t s u f f i c i e n t seismic r e f l e c t i o n d a ta t o c a l c u l a t e t h e i n d i v i d u a l 

e f f e c t o f these s t r u c t u r e s , b u t t h e amp l i t u d e s o f t h e anomalies t h e y 

cause are u n l i k e l y t o exceed 13 mgal. The s m a l l b a s i n east o f 
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Barbados produces a ne g a t i v e anomaly which steepens t he g r a d i e n t on 

th e l o n g wavelength anomaly r e s u l t i n g from t h e whole Barbados Ridge 

s t r u c t u r e * 

A common f e a t u r e o f the c r u s t a l models i s t h e r i s e o f h i g h e r 

d e n s i t y sediments i n the Barbados Ridge. T h i s r i s e has an 

asymmetrical shape, w i t h steeper d i p s o f the t o p s u r f a c e on t h e 

e a s t e r n s i d e . The amount by which i t i s r a i s e d above m a t e r i a l o f 

the same d e n s i t y e i t h e r side i s about 5 km and t h i s amount o f t e c t o n i c 

u p l i f t i s about what might be expected from t h e s u r f a c e exposure o f t h e 

Oceanic Formation o f Barbados which was p r o b a b l y d e p o s i t e d a t normal 

oceanic depths. 

The p o i n t o f deepest depression o f t h e igneous basement, where 

from t he earthquake a c t i v i t y o f the r e g i o n subduction of the 

A t l a n t i c Ocean c r u s t i s expected (see chapter 6 ) , i s s i t u a t e d below 

t h e a x i s o f the Barbados Ridge. 

The depth t o the basement below Barbados appears, from t h e models 

and t h e r e s i d u a l Bouguer anomaly map ( f i g . 4 . 2 5 ) , t o l e s s e n from 

s o u t h t o n o r t h by about two t o t h r e e k i l o m e t r e s . 

The v o l c a n i c a rc 

The c r u s t a l models i n t h i s r e g i o n must i n e v i t a b l y be an 

o v e r s i m p l i f i c a t i o n o f the t r u e s t r u c t u r e . Masson Smith and Andrew 

( 1 9 6 5 ) found g r e a t v a r i a t i o n i n the d e n s i t i e s measured on the i s l a n d s 

and used an average valu e o f 2 . 5 gm cm f o r t h e i r Bouguer c o r r e c t i o n , 

except on young v o l c a n i c cones where 2 . 0 gm cm ^ was the h i g h e s t 

reasonable v a l u e . The h i g h e r d e n s i t y r o c k s c o l l e c t e d by them had 
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d e n s i t i e s o f about 2 . 8 gm cm , which i s the value o b t a i n e d f o r 

basement r o c k s , d e r i v e d from t h e seismic r e f r a c t i o n v e l o c i t i e s ( 6 . 3 

t o 6 . 4 km s""^*). The minimum depth t o basement determined by t i m e -

term a n a l y s i s o f LASP r e s u l t s was i n the range 2 . 5 t o 3 * 2 5 km f o r t h e 

two l i n e s c onsidered f o r m o d e l l i n g . The p o s i t i o n o f t h e base o f t h e 

2 . 8 gm cm ^ l a y e r i s u n c e r t a i n . I t may be a t t h e Mono, but t h i s i s 

u n l i k e l y i n view o f the presence o f h i g h d e n s i t y u l t r a b a s i c p l u t o n i c 

r o c k s which are seen a t the su r f a c e as x e n o l i t h s (K. W i l l s , p e r s o n a l 

communication) and must form a s u b s t a n t i a l p a r t o f t h e magma chambers 

from which t h e e x t r u s i v e and hy p e r b y s s a l r o c k s were d e r i v e d . The 
- 3 

lower p a r t o f t h e model was g i v e n a d e n s i t y o f 2 . 9 gm cm , t h e same 

as oceanic l a y e r 3 - There i s p r o b a b l y no d i s t i n c t boundary between t h e 
—3 

2 . 8 and 2 . 9 gm cm l a y e r s . 

The basement i n the Grenada Trough has a seismic v e l o c i t y o f 6 . 4 

km s (Ewing and o t h e r s , 1 9 5 7 ) and so does the western h a l f o f t h e 

Tobago Trough (see Chapter 3 ) « The average t h i c k n e s s o f t h e 6 . 4 l a y e r 

i n the Grenada Trough i s 7 km, and t h i s was f i x e d i n the model. The 

p o s i t i o n o f the 2 . 8 / 2 . 9 gm cm ^ i n t e r f a c e i s a r b i t r a r y , except t h a t t h e 

2 . 9 gm cm ^ l a y e r does n o t extend i n t o t h e Grenada Trough, and t h e 
—3 

2 . 8 gm cm l a y e r does n o t occur i n the e a s t e r n h a l f o f t h e Tobago 

Trough. 

The p o s i t i o n o f t h e 2 . 8 / 2 . 9 gm cm ^ i n t e r f a c e beneath t h e i s l a n d 

arc was v a r i e d between models, and the e f f e c t s o f t h i s a re shown i n 

f i g s . 4 . 2 3 and 4 . 2 4 . Depressing t he i n t e r f a c e has t h e e f f e c t o f 

r a i s i n g t h e Moho. The model which i s chosen depends on how the 

development o f the i s l a n d arc i s i n t e r p r e t e d . I f i t i s con s i d e r e d t h a t 

t h e e n t i r e v o l c a n i c p i l e l i e s above t h e o r i g i n a l s e a f l o o r and t h a t 



P o s s i b l e v a r i a t i o n s i n the density model for the i s l a n d 

arc at Latitude 13° 04' N. 
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magma chambers e x i s t only within the p i l e , then an i n t e r p r e t a t i o n 

i n which the 2.9 l a y e r i s comparatively t h i n , representing old 

oceanic c r u s t , and close to the Mono, may be favoured. A l t e r n a t i v e l y , 

a hypothesis, i n which large volumes of magma were emplaced i n and 

below the o r i g i n a l ocean f l o o r and from them the v o l c a n i c s 

d i f f e r e n t i a t e d , would favour a model i n which the 2.9 gm cm ' l a y e r 

predominated. The deepest point of the Moho c a l c u l a t e d by the models 

ranges from 35 km, i n model 4.24a, to 31 km, i n model 4.23b. The 

anomaly i s not f i t t e d by model 4.24b as w e l l as the others, and t h i s 

may imply that model i s becoming i n v a l i d . The Bouguer anomalies 

i n the centres of the i s l a n d are 30 mgal higher than over the sea 

between them and i t i s pos s i b l e that the depth to the base of the 

cru s t beneath them i s greater i f they are i n approximate i s o s t a t i c 

equilibrium. 

I n the west of the Grenada Trough a l a y e r of seismic v e l o c i t y 
-1 -3 

7-4 km s e x i s t s , which should have a density of about 3-1 gm cm . 

How t h i s l a y e r j o i n s the i s l a n d a r c i s not known, but an abrupt 

change i n st r u c t u r e with a marked density contrast i s not expected. 

A density of 3»0 gm cm ^ was used for the l a y e r i n the east of the 

Grenada Trough because of t h i s , and consequently i n the models the 

l a y e r i s thinner i n the west than i t probably should be. I n f i g . 

4.21 the e f f e c t of givi n g the western part a density of 3.1 gm cm i s 

shown. 

Over the arc and on i t s f l a n k s there are short wavelength anomalies 

which are not w e l l f i t t e d by the models. These w i l l be due.ito minor 

v a r i a t i o n s i n the s t r u c t u r e and density of the upper part of the c r u s t . 

I n the i s l a n d s there are many rocks with d e n s i t i e s intermediate to those 



k.2k P o s s i b l e v a r i a t i o n s i n the d e n s i t y model f o r the i s l a n d 

arc a t l a t i t u d e 13° 2 V N. 



50 
LAT. 13 24 N 

50 5 - 3 4 
C - 0 996 

100 

150 

200 

20 

40 

1 I 

50 

50 

C=0 990 MGAL 

100 

50 

200 

n 

20 
KM 

40 

I 1 I i i 200 00 
KM 



77 

used for the upper two layers of the model. To f i t the anomaly on 

the l i n e at l a t . 13° 2V N, the top of the 2.8 gm cm"-5 layer had to 

be brought closer to the surface than predicted by the results of LASP 

(see Chapter 3) at the point where there are acoustic basement rocks 

i n a rise on the west side of the Tobago Trough seen on r e f l e c t i o n 

l i n e H2 ( f i g . k.Z). 

I n the Grenada Trough a layer of density 2.6 gm cm (velocity 

5.3 km s" 1) and a layer of density 2.3 gm cm~^ (velocity 3.8 km s 1 ) 

are represented by a single layer of density 2.3 gm cm 

The Tobago Trough 

The crustal models show that the Tobago Trough i s not formed 

i n a depression of the igneous basement. I t s formation i s a consequence 

of the creation and u p l i f t of the Barbados Ridge. The depth to the 

basement increases from west to east across the Trough. Beneath the 

centre of the trough the Moho i s shallower than beneath the Barbados 

Ridge or the island arc. The shallowest depth obtained by time-term 

analysis of the LASP results (C. Boynton, personal communication) was 

23 km. The gravity models put i t at 19 - 20 km. Nearly a l l the 

depths estimated across the trough by time-term analysis are greater 

than those obtained by modelling to f i t the gravity anomaly, though 

the variation i s about the same. This discrepancy may result from the 

effect of gravity anomalies due to subducted lithosphere on the gravity 

anomaly used for determining the model. How t h i s may do so i s 

examined i n Chapter 3-

The depth of the Moho at the centre of the trough i s a l i t t l e 

greater than i n the Atlanti c Ocean and the apparent r i s e i n the Moho 
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i s l i k e l y to be the result of the depression of the Moho either side 

by the Barbados Ridge and the island arc, with centre of the trough 

most nearly representing the o r i g i n a l ocean crust structure p r i o r to 

subduction and the formation of the Lesser A n t i l l e s . The igneous 

crustal layer east of the centre of the trough i s thickened with respect 

to the Atlantic Ocean crust, but i s t h i n by comparison with that under 

the island arc. 

The St. Lucia East Ridge. 

Part of th i s feature has been described by Bassinger and Keller 

(1971) under the name Barbados Ridge-St. Lucia Cross Warp. This name 

i s not used here, because the feature i s not confined to the region 

between St. Lucia and the Barbados Ridge, and the term warp has 

genetic implications. 

Between St. Lucia and the northern end of the Barbados Ridge l i e s 

a broad saddlelike feature i n the bathymetry, which forms the 

northern margin of the Tobago Trough. The upper sedimentary layers 

drape gently over the feature i n a north-south direction ( r e f l e c t i o n 

p r o f i l e D5 f i g . 4.3, and the r e f l e c t i o n p r o f i l e s of Bassinger and 

Keller, 1971)- The depth to a refractor of velocity 5-35 km s~"*" at 

the east of refraction l i n e El4, which i s a l i t t l e to the east of 

the centre of the saddle, i s 6.22 km. The Bouguer anomaly maps show 

that there i s a gravity high associated with the feature, which has 

an amplitude of 50 mgal with respect to the region between St. Vincent 

and Barbados. The Bouguer anomaly map of Bassinger and Keller confirms 

that t h i s gravity high i s r e s t r i c t e d to the East Ridge. The value 

of the anomaly decreases to the north, but not as steeply as i t does 
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to the south, 

A residual Bouguer anomaly map for a density of 2.0 gm cm ̂  

was constructed by subtracting a regional anomaly based on the trend 

of the contours i n the southern half of the 2.0 gm cm"^ Bouguer 

anomaly map from the rest of the map. The resulting map ( f i g . k.25) 

shows well the easterly trend of the anomaly associated with the 

East Ridge, and what i s more i t shows that there i s an equally 

pronounced, but smaller amplitude, anomaly east of the Barbados 

Ridge, with the same trend as that to the west. This can be seen 

on the ordinary Bouguer anomaly maps, but the residual map brings i t 

out more clearly. The widening of the anomaly over the Barbados 

Ridge i s no douht the result of a variation i n the structure of the 

Ridge. 

In order to determine the nature of the East Ridge several two 

dimensional gravity models were computed using OPTIGRAV. Two 

pr o f i l e s were taken to the east of St. Lucia. One was the north-

south l i n e at long. 60° 15' W ( f i g . 2.1), but t h i s has the disadvantage 

of crossing diagonally the gradient i n the gravity f i e l d due to the 

variations i n the east-west structure. To avoid t h i s , another p r o f i l e 

was taken at long. 60° 30' W by using the values from the east-west 

lines at the same longitude. For both p r o f i l e s the background anomaly 

was taken as the average value of the two most southerly points, 

assuming the background over the rest of the Tobago Trough to be 

comparatively invariant i n a north-south direction. The depths to 

the interfaces between the 2.1 and 2.3 layers and the 2.3 and 2.9 

layers were l i m i t e d by the results of seismic refraction and r e f l e c t i o n . 



4.25 Map of the residual Bouguer gravity anomaly obtained 

by removing the regional f i e l d , shown by the pecked 

contours, away from the Bouguer anomaly map with a 

compensation density of 2.0 gm cm ^. 
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The crustal models obtained ( f i g . 4.26) show a d i s t i n c t r i s e 

i n the 2.9 gm cm layer overlain by a more gentle flexure of the 

2.5 gm cm~"̂  layer. The rise i s asymmetrical with i t s southern faces 

steeper than i t s northern ones. The position of the Moho i s not 

defined by seismic work and therefore i t s influence on the gravity 

across the structure i s not known. Fig. 4.26b shows a model where the 

Moho i s horizontal at i t s probable minimum depth, estimated from the 

crustal models across the Tobago Trough further south. When 

horizontal, the Moho has no effect on the anomaly and i s not included 

i n the model. Fig. 4.26a shows the effect of putting a root below the 

ridge, which i s to make the ridge more pronounced. This model does 

not conform well with the seismically determined depth l i m i t s . The 

comparative body shapes, assuming a root or no root, for the l i n e 

at long. 60° 30' W are shown i n f i g . 4.26c. The crustal thickness 

used for the root models i s thinner than expected from seismic data 

and serves to accentuate the effect of the root. The models i n 

which the Moho was not included as a variable interface give the best 

f i t s , but a gentle deepening of the Moho below the East Ridge i s 

quite l i k e l y on isos t a t i c grounds. 

The shape of the top surface of the igneous part of the ridge 

might be a l i t t l e d i fferent from that shown i n the models because a 

layer corresponding to the 5*35 km s ̂  refractor was not included 

i n the model. This was because too l i t t l e i s known about i t to do so. 

The difference i n shape would not be s i g n i f i c a n t l y large, although 

i t i s probable that the surface of the igneous part of the ridge i s 

much more irregular than shown by the model. 

The structure of the ridge east of the Barbados Ridge was modelled 



4.26 Two dimensional gravity models across the St. Lucia 

East Ridge at longitudes 60° 15' W and 60° 30' W. 

Dots are the observed values of the Bouguer anomaly 

(2.1 gm cm ^ ) . The continuous curve i s the computed 

anomaly. The same ornament indicates the same 

density throughout the models. S i s the standard 

error of the f i t . C i s the correlation coefficient. 
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using the gravity anomaly measured along the north-south l i n e at 

long. 57° W. This i s over f l a t ocean floor and unaffected by structures 

i n the sediments of the complicated Barbados Slope region. Fig. 4.27a 

shows a simple model which w i l l satisfy the anomaly, based on seismic 

refraction results. I t i s just a rise i n Oceanic layer 3* Seismic 

r e f l e c t i o n lines Dl and D2 ( f i g . 4.3) show what appears to be a ri s e 

i n the basement 30 km north of the position predicted by the simple 

gravity model. This i s also north of the apparent axis of the 

residual gravity anomaly. The values of the Bouguer anomaly on the 

northern edge of the map are, however, probably a l i t t l e lower then 

they should be, because the Bouguer anomaly reduction program only 

took into account the bathymetric r e l i e f along the ships tracks which 

are east-west, whereas there i s an appreciable northward deepening of 

the bathymetry ( f i g . 1.3) which has a negative effect on the gravity 

anomaly, that i s not corrected for. I t i s possible, therefore, that 

the axis of the positive residual anomaly i s further north than i t 

appears from the map. 

I n f i g . 4.27b the model used i s derived from the structure 

observed on the seismic r e f l e c t i o n l i n e Dl at long. 57° 22' W. The 

surfaces of the 2.3 gm cm ^ and 2.9 gm cm ^ layers were fixed at the 

positions seen on the r e f l e c t i o n l i n e , and only the Moho and the. 

top of the 2.9 gm cm ^ layer where i t was not detected were allowed 

to vary t h e i r shape within the l i m i t s set by seismic refraction results. 

The f i t to the anomaly obtained i s well within the l i m i t s of the 

accuracy of the measurements, but i t i s not as good as that i n 4.27a. 

Maybe there i s another ridge with smaller r e l i e f south of that seen 

on Dl and not shallow enough to be detected. More gravity data north 

of l a t . 14° N are needed to resolve the structure of the ridge. 



4.27 Two dimensional gravity models for the St. Lucia 

East Ridge extension, east of the Barbados Ridge, at 

longitude 57° W. Dots are the observed values of 

the Bouguer anomaly (2 .1 gm cm ^ ) • The continuous 

curve i s the computed anomaly. Densities of layers 

are indicated at the side of the model. 
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The St. Lucia East Ridge must post date the volcanic island 

arc, because there i s no trace of a similar feature on the west side 

of St. Lucia (P. Keary, personal communication). I t i s strange 

that i t should continue on the east side of the Barbados Ridge, 

because a l l the evidence points to the Barbados Ridge being the s i t e 

of subduction of the Atlantic Ocean crust, and therefore a major tectonic 

discontinuity. 

The most plausible o r i g i n for the ridge east of Barbados i n 

the Atlantic Ocean floor i s that i t i s a ridge bordering an old 

transform f a u l t . By analogy with the present situation at the Mid 

Atlantic Ridge east of the Lesser A n t i l l e s , where the highest ridge 

bordering a transform f a u l t i s on the youngest side even where i t 

i s a few hundred kilometres from the Mid Atlantic Ridge crest, the 

old transform f a u l t should l i e to the south of the ridge east of 

Barbados, because the offsets of the Mid Atlantic Ridge are l e f t 

handed. 

How the subduction of a transform f a u l t could produce a ridge 

above i t i n the opposing lithospheric plate i s a matter for conjecture. 

I t may be that discontinuity i n subducted slab has somehow increased 

the flow of v o l a t i l e s into the mantle above i t thereby giving 

increased vulcanicity. As has been noted i n Chapter 1, St. Lucia i s 

anomalous with respect to the other volcanic islands i n having higher 

proportion of s i l i c i c rocks. The East Ridge i s older than the upper 

sedimentary layers (A, B and C) and may not have been caused purely 

by subduction of the continuation of the feature now seen east of the 

Barbados Ridge. A further suggestion for the o r i g i n of the East Ridge 

i s that i f the Lesser A n t i l l e s occupy the s i t e of a former subduction 

zone that produced the vulcanism which b u i l t the Aves Ridge, then 
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the part of the East Ridge between St. Lucia and the Barbados Ridge 

was a part of a transform f a u l t feature that was being subducted and 

was isolated when subduction commenced i n i t s present position, east 

of the Lesser A n t i l l e s . This i s speculation, but there are some grounds 

for considering i t (see Chapters 7 and 8 ) . 

The East Ridge has influenced the development of the Barbados 

Ridge. I t i s clear from the bathymetry that north of the East Ridge 

the sea bottom slopes downward, whereas south of i t the depth of the 

crest of the Barbados Ridge i s f a i r l y constant. I t seems that the 

transform f a u l t ridge, although now buried, once acted as a barrier 

to t u r b i d i t e sediment flow across the ocean bottom from South America, 

damming i t so that the amount of sediment accumulated south of the 

ridge was greater than that north of i t . Eventually the feature was 

buried and more sediment was deposited north of i t than previously. 

The effect of subduction has been to magnify the difference i n 

sediment thickness north and south of the transform f a u l t ridge by 

p i l i n g i t i n t o the trench, and building up a ridge south of the 

transform f a u l t , whereas north of the transform f a u l t , where sediment 

thicknesses became progressively less, northwards, the ridge of 

sediment f i l l i n g the trough sloped down. This would to some extent be 

a consequence of distance from sediment source, but the marked break 

i n bathymetric p r o f i l e at the northern end of the Barbados Ridge must 

certainly be due to the presence of the East Ridge. 
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Chapter 5 

The effects of subducted lithosphere 

The subducted lithosphere i n the Lesser A n t i l l e s could be 

expected to cause a gravity anomaly contributing to the observed 

f i e l d . Calculations of the l i k e l y gravity anomaly have been made for 

thermal models of subducted plates using published data on phase 

relationships. The p o s s i b i l i t y that t h i s anomaly can be observed, 

and i t s importance i n interpreting the crustal structure are considered. 

The-thermal model 

Thermal models for subducted plates have been published by the 

following authors: McKenzie (1969), Minear and Toksoz (1970), Oxburgh 

and Turcotte (1970), Toksoz, Minear and Julian (1971), and Griggs 

(1972). McKenzie considered a lithospheric slab descending in t o a 

mantle maintained at adiabatic temperatures and expressed the 

temperature inside the slab an a l y t i c a l l y i n dimensionless form. Minear 

and Toksoz (1970) produced a numerical solution using a f i n i t e 

difference scheme, which was c r i t i c i s e d on two counts (McKenzie 1971, 

Hanks and Whitcomb 1971)- F i r s t l y t h e i r model did not correctly 

represent the behaviour of short wavelength temperature disturbances 

that govern the thermal structure of the sinking slab, because the 

element size of 20 km was too large p a r t i c u l a r l y at the top surface 

of the slab and successive errors were conserved. Secondly, some of 

the physical assumptions were i n error, p a r t i c u l a r l y the amount of 

shear strain heating, which was thought to be far too high. Toksoz, 

Minear and Julian (1971) produced revised models with a smaller 
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stepsize i n time and distance, and smaller values of shear st r a i n 

heating, but t h i s was s t i l l greater than that of other models 

(Griggs 1972). The amount of shear st r a i n heating assumed for 

these models i s governed by the assumption of p a r t i a l melting i n the 

region to which andesitic magmas are thought to be derived, and the 

normal geothermal gradient used for the models i s an important 

factor i n estimating the amount of heating required for t h i s . Minear 

and Toksoz used the oceanic geothermal gradient of MacDonald (1965) 

whereas Griggs assumed one which reaches the solidus at 100 km depth 

requiring very l i t t l e extra heat to produce p a r t i a l melting. A matter 

that i s p a r t i c u l a r l y relevant to t h i s argument i s whether or not the 

driving force of subduction i s the gravitational i n s t a b i l i t y of the 

subducted plate or some other force. I n the former case the energy 

available can be estimated giving an upper bound for shear strain 

heating. Minear and Toksoz do not think that the gravitational 

mechanism i s the sole mechanism and with t h i s McKenzie (1972) agrees. 

The thermal model of Toksoz, Minear and Julian (1971) for a 

subduction rate of 1 cm y ̂  at an angle of 4-5° with a l l heat sources 

included was used for the purpose of calculating the gravity 

anomalies that may result from subduction at the Lesser A n t i l l e s 

as t h i s model was closest to the observed situation. 

This model does deviate from the Lesser A n t i l l e s s i t u a t i o n i n 

some respects. The subduction rate there may be s l i g h t l y smaller 

than 1 cm y \ but 1 cm y 1 i s probably as good an estimate as any 

(See chapters 6 and 7)« 

The depth of the subducted plate given by the seismic zone, i s 
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200 km i n the Lesser A n t i l l e s as opposed t o a p l a t e n e a r l y 800 km 

deep i n the model. Using McKenzie's (1969) and Griggs' (1972) 

c r i t e r i a f o r t h e l e n g t h t o the bottom o f the seismic zone i n 

subducted p l a t e s , based on temperature anomalies, an es t i m a t e can 

he made o f l e n g t h o f t h e seismic zone t h a t would be g i v e n by t h e 

model. A c c o r d i n g t o McKenzie t h i s should be 320 km and a c c o r d i n g 

t o Griggs I85 km (depths o f 200 km and 120 km r e s p e c t i v e l y ) . Thus 

t h e depth o f subducted l i t h o s p h e r e cannot be e s t i m a t e d from t h e 

earthquakes s i n c e s e i s m i c a l l y i n a c t i v e l i t h o s p h e r e may e x i s t deeper. 

The subducted l i t h o s p h e r e , however, cannot be as deep as 700 km, 

because (see chapter 7) t h e r e has not been s u f f i c i e n t t i m e (I0*f my) 

f o r t h i s t o take p l a c e a t l,cm y . The maximum time a v a i l a b l e i s 

80 my and i t i s q u i t e l i k e l y t o be as s m a l l as 30 my. The l a t t e r 

e s t i m a t e i s c o n s i s t e n t w i t h t h e pre s e n t l e n g t h o f t h e seismic zone 

and t he former would g i v e subducted l i t h o s p h e r e down t o a depth o f 

500 km. I f the r a t e o f subduction were i n c r e a s e d t h e l e n g t h o f the 

seismic zone would i n c r e a s e a l s o . I n b o t h t he models considered t h e 

temperature f i e l d below the maximum depth e s t i m a t e d i s i g n o r e d . T h i s 

does n o t i n t r o d u c e as l a r g e e r r o r s as i t might seem because t he 

temperature f i e l d i s not v e r y t i m e dependent i n t h e r e g i o n a l r e a d y 

p e n e t r a t e d by t h e s l a b , as demonstrated by Toksoz, Minear and J u l i a n 

(1971)- The geotherms i n the r e g i o n west o f t h e s l a b may not be r a i s e d 

as f a r as i n t h e model because t h e r e would be no heat source due t o 

th e p o s t s p i n e l phase change. 

Another s l i g h t a l t e r a t i o n made t o the model was t o change t he 

h o r i z o n t a l s c a l e t o g i v e a d i p o f *+0° r a t h e r than ^5°. The d i f f e r e n c e 

i n t h e t h e r m a l model between +̂0° and k5° would be q u i t e s m a l l , b ut i t 
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does a l t e r t h e d i s t a n c e s along the g r a v i t y anomaly, which i s what 

i s considered h e r e . The model used i s shown i n f i g 5-1? and f i g . 

5*2 shows t h e temperature anomalies. 

The anomalies caused by thermal expansion 

The average temperature anomaly over a square was computed, and 

from i t t he mass excess or d e f i c i e n c y w i t h r e s p e c t t o the u n d i s t u r b e d 

mantle was c a l c u l a t e d . T h i s mass was taken t o be the mass per u n i t 

l e n g t h o f a l i n e mass o f i n f i n i t e l e n g t h p a s s i n g n o r m a l l y t h r o u g h t h e 

c e n t r e o f the square. The o v e r a l l anomaly was found by summing those 

due t o a l l t h e l i n e masses. The spacing o f the squares was such t h a t 

t h e t o p o f a square was always a t a depth g r e a t e r than i t s w i d t h . The 

normal d e n s i t y d i s t r i b u t i o n w i t h depth, and c o e f f i c i e n t o f t h e r m a l 

expansion necessary f o r t h i s c a l c u l a t i o n were taken from Press 

(1970) and B i r c h (1952) r e s p e c t i v e l y . The program t o do these 

c a l c u l a t i o n s i s l i s t e d i n appendix C ^ . l . 

The anomaly caused by phase changes i n the mantle 

The phase changes which are r e l e v a n t i n t h i s s i t u a t i o n a re those 

t a k i n g p l a c e i n the f i r s t 100 km, i n v o l v i n g the t r a n s i t i o n from 

p y r o l i t e t o gar n e t p y r o l i t e i n t h e l i t h o s p h e r i c mantle (Green and 

Ringwood, 1966), and those from 350 t o *t00 km depth, which are t h e 

pyroxene - garnet t r a n s f o r m a t i o n and the o l i v i n e - s p i n e l - B.Mg^SiO^ 

t r a n s f o r m a t i o n (Ringwood, 1970). The P y r o l i t e I I I model o f Green and 

Ringwood i s assumed f o r t h e mantle. 



5-1 Thermal model o f a subducted s l a b from Toksoz, Minear and 

J u l i a n (1971) used f o r the c a l c u l a t i o n o f g r a v i t y anomalies 

r e s u l t i n g from the subd u c t i o n o f l i t h o s p h e r e . The s u b d u c t i o n 

r a t e i s 1 cm y \ The p o s i t i o n o f the base o f the o l i v i n e -

s p i n e l and pyroxene - garnet t r a n s i t i o n i s shown by a 

pecked l i n e ( s ) . Dots i n d i c a t e the p o i n t s used f o r 

c a l c u l a t i o n o f the g r a v i t y anomaly due t o t h e r m a l 

expansion.. The shaded areas i n the subducted s l a b i n d i c a t e 

t h e p o s i t i o n s o f phase changes considered by Toksoz, Minear 

and J u l i a n (197D 

5-2 The temperature anomalies a r i s i n g from t h e model i n f i g 

5-1- The sc a l e s on the diagram are the same. 
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The 350 - hOO km t r a n s i t i o n s o n l y a f f e c t t he 500 km deep 

model, and t h e d e n s i t y change i s about 7% (Ringwood, 1970), The 

equ a t i o n used f o r t h e p o s i t i o n o f the t r a n s i t i o n was t h a t o f Griggs 

(1972), and gives a p o s i t i o n somewhat below t h a t o f Toksoz, Minear and 

J u l i a n . T h i s i s because Toksoz, Minear and J u l i a n assumed a broader 

range f o r t h e t r a n s i t i o n (100 km) than do Griggs (35 km) and Ringwood 

(kO t o 60 km). The d e n s i t y c o n t r a s t used f o r t h e t r a n s i t i o n was 

0.24 gm cm . The e f f e c t o f the t h e r m a l anomaly o f t h e model i s t o 

depress t h e t r a n s i t i o n below i t s normal p o s i t i o n over most o f the 

r e g i o n . 

The d e n s i t y c o n t r a s t s produced by the phase t r a n s i t i o n s i n 

normal l i t h o s p h e r i c mantle are c o m p a r a t i v e l y s m a l l . The maximum 

c o n t r a s t i s 0.05 gm cm ^ between ampholite ( O l i v i n e + amphibole + 

e n s t a t i t e ) and pyroxene p y r o l i t e ( O l i v i n e + aluminous pyroxenes + 

s p i n e l ) . According t o the model o f Green and Ringwood (1970), 

a m p h o l i t e i s the s t a b l e phase i n the mantle t o a depth o f 32 km w i t h 

a normal oceanic geotherm. The presence of t h i s phase i s dependent 

on the presence o f water, and p l a g i o c l a s e p y r o l i t e ( O l i v i n e + 

pyroxenes + p l a g i o c l a s e + c h r o m i t e ) would r e p l a c e i t under c o m p l e t e l y 

anhydrous c o n d i t i o n s . The presence o f b o t h amphibole and p l a g i o c l a s e 

i s more dependent on pressure than on temperature. The d e n s i t y 

c o n t r a s t a r i s i n g from t h e absence o f p l a g i o c l a s e would be about 0.06 

gm cm . The main phases are shown m f i g . 5 #3 t o g e t h e r w i t h t h e 

geotherm used. I t can be seen t h a t l o w e r i n g the temperature by 100°C 

makes l i t t l e d i f f e r e n c e t o t h e depth a t which p l a g i o c l a s e i s s t a b l e . 

Consequently t h e a m p l i t u d e o f g r a v i t y anomalies l i k e l y t o a r i s e from 

the e f f e c t o f temperature anomalies on t h i s phase t r a n s i t i o n would be 



Phase diagram f o r a mantle o f P y r o l i t e I I I c o m p o s i t i o n , 

from Green and Ringwood (1970). P I - P l a g i o c l a s e P y r o l i t e , 

Py - Pyroxene P y r o l i t e , Ga - Garnet P y r o l i t e . Dashed l i n e s 

marked from 1 t o 5 i n d i c a t e t he percentage o f Al^O^ i n 

pyroxene i n Garnet P y r o l i t e . Curve o i s t h e normal oceanic 

geothern used i n t h e t h e r m a l model. D o t t e d l i n e s i , 2, 3 

i n d i c a t e depression o f the geotherm from 100 t o 300° C. 

Curve £ i s the normal oceanic geotherm used by Griggs (1972) 
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s m a l l and are not c o n s i d e r e d h e r e . 

The main f a c t o r i n f l u e n c i n g d e n s i t y changes below about 60 km 

i s t h e r e l a t i v e p r o p o r t i o n o f orthopyroxene t o g a r n e t , which i s 

dependent on t h e percentage o f Al^O^ i n the orthopyroxene. The 

percentage i s s t r o n g l y temperature and pre s s u r e dependent. Lowering 

the temperature a f f e c t s t he d e n s i t y , because a t any f i x e d p r e s s u r e 

i t i n c r e a s e s t h e p r o p o r t i o n o f garnet p r e s e n t , and hence i n c r e a s e s 

t h e d e n s i t y . 

The g r a v i t y anomaly a r i s i n g from phase changes i n the mantle 

caused by subduc t i o n ( e x c l u d i n g t h a t from t h e t r a n s i t i o n a t 350 km) 

was c a l c u l a t e d from t h e e f f e c t o f the temperature anomaly p a t t e r n , 

( f i g . 5«2) , on the d e n s i t i e s o f phases i n Green's and Ringwood's 

P y r o l i t e I I I model o f the mantle ( f i g 5*3) • The d e n s i t i e s o f d i f f e r e n t 

phases are taken from the values c a l c u l a t e d by Haigh (1973) f o r use 

i n a model o f oceanic l i t h o s p h e r e . I n the r e g i o n from 60 t o 250 km 

depth a temperature change o f 100°C g i v e s an average d e n s i t y change 

of 0.05 gra cm ^. Beyond 250 km a temperature anomaly o f 300°C i s needed 
-3 

t o g i v e a d e n s i t y change o f 0.05 gm cm . 

The anomaly caused by phase changes and i n i t i a l d e n s i t y c o n t r a s t i n 

the subducted c r u s t 

The g r a v i t y anomaly due t o t h e phase changes i n t h e subducted 

oceanic c r u s t r e s u l t s p r i n c i p a l l y from the t r a n s f o r m a t i o n o f gabbro 

t o e c l o g i t e . T h i s t r a n s f o r m a t i o n was i n v e s t i g a t e d by Ringwood and 

Green (1966), and was co n s i d e r e d by them t o be a s i g n i f i c a n t f a c t o r 

i n s u b d u c t i o n by g r a v i t a t i o n a l i n s t a b i l i t y . The r e a c t i o n t h e y 
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s t u d i e d was anhydrous. I t does not seem l i k e l y , however, t h a t 

c o n d i t i o n s i n the oceanic c r u s t are comp l e t e l y anhydrous- I t i s 

proba b l e t h a t l a y e r 2 and perhaps l a y e r 3 have some hydrous m i n e r a l s 

i n them. Greenschists and a m p h i b o l i t e s have been dredged from mid 

ocean r i d g e s , and t h e r e i s another o p p o r t u n i t y f o r i n t r o d u c t i o n o f 

water t o the c r u s t a t the s i t e o f subduct i o n . I t i s l i k e l y t h a t 

much o f the oceanic c r u s t goes t h r o u g h a change t o a m p h i b o l i t e b e f o r e 

t r a n s f o r m i n g t o e c l o g i t e . Essene, Hensen and Green (1970) have 

i n v e s t i g a t e d t h e s t a b i l i t y o f b a s a l t i c m a t e r i a l under c o n d i t i o n s o f 

h i g h temperature and pressure, where P.Ĥ O = P. Load. They showed 

t h a t the m a t e r i a l went through a phase o f garnet a m p h i b o l i t e b e f o r e 

f i n a l l y r e a c h i n g e c l o g i t e a t 70 km depth, and t h a t t h i s t r a n s f o r m a t i o n 

was almost e n t i r e l y pressure dependent. Essene, Hensen and Green 

concluded t h a t a m p h i b o l i t e c o n t a i n i n g p l a g i o c l a s e f e l d s p a r was s t a b l e 

down t o depths o f about 30 km, and t h a t t he t r a n s f o r m a t i o n from 

a m p h i b o l i t e t o e c l o g i t e was a gr a d u a l r e a c t i o n among amphibole, garnet 

and pyroxene. 

A simple model o f t h e d e n s i t y c o n t r a s t between t h e subducted 

c r u s t and t h e u n d i s t u r b e d mantle was made, u s i n g the data o f Essene, 

Hensen and Green (1970) f o r t h e c r u s t , and Green and Ringwood (1970) 

f o r t h e mantle. The shape o f t h e upper s u r f a c e was deduced from t h e 

d i s t r i b u t i o n o f earthquake hypocentres i n t h e Lesser A n t i l l e s , and t h e 

to p o f the model was f i x e d a t t h e base o f t h e c r u s t as i n t e r p r e t e d 

from g r a v i t y and seismic d a t a . The model i s shown i n f i g . 

The combined e f f e c t 

The g r a v i t y anomalies r e s u l t i n g from t he e f f e c t s g i v e n above were 



A d e n s i t y c o n t r a s t model f o r the c r u s t a l l a y e r o f 

subducted l i t h o s p h e r e . Phase data used was from 

Essene, Hensen and Green(1970). D e n s i t y c o n t r a s t s 
-3 

are i n gm cm . 
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computed f o r models i n which t h e l i t h o s p h e r e was subducted t o 

depths o f 200 and 500 km, and shown i n f i g s 5*5 said 5*6 • I n t h e 

500 km model, t h e o l i v i n e - s p i n e l and pyroxene-garnet t r a n s f o r m a t i o n s 

produce a l a r g e n e g a t i v e anomaly o f l o n g wavelength. An anomaly o f 

t h i s s i z e i s not observed i n t h e e a s t e r n Caribbean. I t would occur 

over much o f the Venezuelan Basin, where the c r u s t a l s t r u c t u r e i s o f 

a u n i f o r m n a t u r e and the anomaly would be n o t i c e a b l e . On the b a s i s 

o f t h i s alone t h e 500 km model i s not a p p l i c a b l e . T h i s may be because 

t h e t h e r m a l model i s i n c o r r e c t , but i t i s more pro b a b l e t h a t t h e 

subducted l i t h o s p h e r e does n o t reach a depth o f 500 km. 

I n t he 200 km model the n e g a t i v e p a r t o f t h e anomaly i s c o n s i d e r a b l y 

d i m i n i s h e d , because o f the absence o f an anomaly from t h e t r a n s i t i o n a t 

350 km depth. I f t h e model i s v a l i d , t h e p o s i t i v e anomaly o f n e a r l y 

hO mgal am p l i t u d e should be d i s c e r n i b l e i n t h e observed f i e l d . The 

anomaly i s superimposed on t h a t caused by t h e c r u s t a l s t r u c t u r e o f the 

i s l a n d a r c , and o v e r l a p s i n t o t he r e g i o n o f the Tobago Trough. 

The observed p o s i t i v e f r e e - a i r anomaly over t h e arc has an asymme t r i c a l 

lobe on t h e east s i d e ( f i g . 5»7)» which may be produced p a r t l y by t h e 

subducted l i t h o s p h e r e . 

The e f f e c t o f the g r a v i t y anomaly caused by subducted l i t h o s p h e r e 

on t h e d e t e r m i n a t i o n o f the c r u s t a l s t r u c t u r e was assessed by 

s u b t r a c t i n g t he anomaly c a l c u l a t e d f o r l i t h o s p h e r e subducted t o 200 

km from the Bouguer (2.1 gm cm ^) g r a v i t y anomaly and m o d e l l i n g t h e 

s t r u c t u r e as d e s c r i b e d i n chapter *f. The subducted p l a t e produces a 

p o s i t i v e anomaly o f 5 mgal i n t h e r e g i o n o f t h e A t l a n t i c Ocean t a k e n 

f o r r e f e r e n c e i n the m o d e l l i n g o f t h e c r u s t a l s t r u c t u r e , and a c c o r d i n g l y 



5*5 The g r a v i t y anomalies caused by the s u b d u c t i o n o f 

l i t h o s p h e r e t o a depth o f 200 km a t a r a t e o f 1 cm y 1 . 

Pc - the anomaly from the phase changes i n the c r u s t . 

Pm - the anomaly from phase changes i n the mantle. 

Te - the anomaly from t h e r m a l expansion and c o n t r a c t i o n . 

C - t h e combined anomaly. V - the p o s i t i o n o f S t . V i n c e n t 

B - the p o s i t i o n o f Barbados. 

5.6 The g r a v i t y anomalies caused by subd u c t i o n o f l i t h o s p h e r e 

t o a depth o f 500 km a t a r a t e o f 1 cm y \ Pc - t h e 

anomaly from phase changes i n the c r u s t . Pm-the anomaly 

from phase changes i n the mantle. Po - the anomaly 

from phase changes i n the o l i v i n e - s p i n e l t r a n s i t i o n a t 

350 km depth. Te - the anomaly from t h e r m a l expansion 

and c o n t r a c t i o n . C - the combined anomaly. V - the 

p o s i t i o n o f S t . V i n c e n t . B - the p o s i t i o n o f Barbados. 
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the values subtracted were 5 mgal lower than those i n f i g . 5-5-

The c r u s t a l s t r u c t u r e determined i s shown i n f i g . 5*8, and i t 

i s worthwhile comparing i t with the s t r u c t u r e determined d i r e c t l y 

from the Bouguer anomaly shown i n f i g . *f.20. A noticeable d i f f e r e n c e 

i s that the Moho i s deeper below the Tobago Trough i n the model 

which takes account of the subducted lithosphere than i n that which 

does not. I n p a r t i c u l a r the minimum c a l c u l a t e d depth of the Moho 

below the Tobago Trough i s 2k km. This depth and the sharp i n c r e a s e 

of depth to the west matches w e l l the shape of the Moho determined 

from time term a n a l y s i s of the LASP r e s u l t s (C. Boynton, personal 

communication)- T h i s gave a 23 km minimum depth i n c r e a s i n g westerly 

to 31 km depth over 10 km, and eventually extending to 37 km below 

the i s l a n d a r c . The v e l o c i t y l a y e r i n g i n the basement used i n the 

time term a n a l y s i s was approximately the same as that used for the 

density model, l a y e r s of v e l o c i t y 6.3 km s ^ and 6.9 s ^ corresponding 

to the l a y e r s of density 2.8 gm cm ^ and 2.9 gm cm ^. The base of 

the 6.3 km s"^" l a y e r was put at 20 km below the L e s s e r A n t i l l e s . 

Subtraction of the g r a v i t y anomaly c a l c u l a t e d for the subducted 

lithosphere from the observed g r a v i t y anomaly, therefore, improves 

the congruence between the shapes of the Moho computed from seismic 

and g r a v i t y data. T h i s suggests that there i s a noticeable g r a v i t y 

anomaly from the subducted lithosphere and that i t s amplitude i s 

probably not s u b s t a n t i a l l y d i f f e r e n t from that p r e d i c t e d . 

I n the foregoing d i s c u s s i o n the e f f e c t s of inhomogeneity i n the 

composition of the mantle beneath the i s l a n d arc were neglected. T h i s 

i s because, although inhomogeneity may be expected to occur, i t s nature 



Free a i r gr a v i t y anomalies across the eastern Caribbean 

at l a t i t u d e s 13° 2h' N and 13° OV N. The bathymetry 

on each p r o f i l e i s shown below the anomaly. 
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and possible effects can only be guessed at. Depending on the view 

taken as to the derivation of the rocks forming the island arc, either 

basaltic material i s added to the mantle making i t less dense, or 

basalt i s derived from the mantle, depleting i t and making i t more 

dense. I f basaltic material i s derived from the subducted crust, then 

the former must apply, but i f the material i s derived from the mantle 

above the subducted plate through the action of v o l a t i l e s , .mainly 

water, given o f f from the subducted crust, then the l a t t e r i s favoured 

Only further study of the petrogenesis of calc-alkaline rock suites 

can resolve t h i s question. Recent work cited by Ringwood ( 2 7 t h 

William Smith Lecture of the Geological Society, 1 9 7 3 ) suggests 

that derivation from the mantle above the subducted plate i s most 

l i k e l y -

Seismic evidence 

Barr and Robson ( 1 9 6 3 ) examined the delays of teleseismic a r r i v a l s 

at Barbados with respect to the island arc for the purpose of 

determining the l i k e l y depth of the Moho beneath Barbados. The mean 

delay was found to be 2 . 9 ^ + 0 . 3 ^ s. Taking the crustal structure 

to be that shown i n f i g . 3»7? the calculated delay time for Barbados 

re l a t i v e to St, Vincent i s 1 . 9 ^ s. I f these results are r e l i a b l e then 

the presence of mantle with a faster seismic velocity below the island 

arc than Barbados i s indicated. However, the result given by Barr 

and Robson was obtained from 10 observations made i n the four years 

following the i n s t a l l a t i o n of seismic stations i n the eastern Caribbean. 

Since then many more observations have been made and the mean delay of 

a r r i v a l s from regional earthquakes at Barbados r e l a t i v e to the island 

arc i s 2 . 0 s (J. Tomblin, personal communication). This implies no 
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noticeable difference i n the mantle velocity d i r e c t l y below Barbados 

from that below the island arc. I f the delay indicated by the teleseismic 

a r r i v a l s i s real then i t must indicate an inhomogeneity at a depth 

greater than that sampled by seismic waves from regional earthquakes. 

A consideration of the long wavelength components of the gravity anomaly. 

By d i g i t a l l y low pass f i l t e r i n g the observed gravity anomalies, 

the effects of near surface structures can be diminished and an 

anomaly more readily comparable with those expected from mainly mantle 

sources may be obtained. The f i l t e r e d values for two lines across 

the eastern Caribbean region are shown i n f i g . 5 « 9 - These were 

computed from the free-air anomalies shown i n f i g . 5 . 7 using the 

program described i n appendix C 2 . 3 - The cutoff wavelengths used were 

2 3 0 , 333 and 300 km. Gravity values from the Venezuelan Basin (Bush 

and Bush, 1 9 6 9 ; U.S.G.S., 1 9 7 2 ) and the Atlantic (Navado Project) were 

used to extend the lines into stable areas. The long wavelength anomaly 

i n the region determined from s a t e l l i t e s (Kaula, 1 9 7 2 ) i s i n good 

agreement with those values. 

The dominant wavelength of the anomaly calculated from the 

model of lithosphere subducted to 200 km (described above) i s about 

300 km, although there are significant shorter wavelength components 

which result mainly from the effect of the subducted crust. The 

333 km f i l t e r e d anomaly, however, shows the effects of crustal 

structure as i s evidenced by the anomalies over the Aves Swell, the 

Lesser A n t i l l e s and Barbados Ridge s t i l l appearing. Consequently, the 

anomaly caused by the subducted lithosphere cannot be separated from 

those caused by variations i n the crustal structure. 
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The 500 km f i l t e r e d anomaly does not show the effects of 

individual crustal feature and r e f l e c t s the overall gravity anomaly 

of the region. From the s a t e l l i t e d determined gravity f i e l d 

(Kaula, 1 9 7 2 ) the value of the free-air anomaly decreases steadily 

from 0 mgal i n the Venezuelan Basin to - 2 0 mgal i n the Atlantic Basin. 

The anomaly deviates negatively from a linear regional joining the 

background f i e l d s of the Venezuelan Basin and the A t l a n t i c , by up to 

25 mgal. 

Integrating the free-air anomaly minus the expected regional along 

the l i n e at l a t i t u d e 13 3 ^ ' N yields a value of - 2 . 5 7 x 10 cm s 

which could be produced by a t o t a l mass deficiency over the area of 
12 

6.1*f x 10 gm. I t might be thought that t h i s deficiency i s due i n 

part to the large volume of sediments i n the Barbados Ridge. However 

a simple calculation, comparing the masses of segments ( 1 0 km wide 

and 30 km deep) of the crustal model derived from the gravity and 

seismic data across the region east of the Lesser A n t i l l e s with the 

mass of a segment of the Atlantic Ocean crust of the same size, reveals 

that there i s a small mass excess over the region r e l a t i v e to the 

At l a n t i c . The crustal downwarp beneath Barbados i s deficient i n mass 

with respect to the ocean crust, but the region of the slope east of 

Barbados has a mass excess which more than balances i t . The 

calculated anomaly resulting from the variation i n mass across t h i s 

region i s shown i n f i g . 5 - 1 0 . The positive mass anomaly east of 

Barbados i s quite a small isostatic anomaly, because the region of 

oceanic crust with which i t was compared has a free-air anomaly of 

-J+0 mgal and i s i s o s t a t i c a l l y negative. 



<4H 
O 

0 Pi 
o 

- P • H 
- P 

<+H O 
O 0 

CO 
- P 
03 
CO Pi 
CD cO 

73 
Pi Pi 
O cO 

•H -p 
• P CO 
O 
0 cO 
CO 

H o 
cO 

-p CQ 
to CQ 

cO 
Pi s O 

0 0 43 
-p 

- P 
43 

CO -p 
CO •H 
o 13 Pi 
o 0 
CO •n cO 
CO s CO 
cO CO 
e •H 

Pi 
o o 

CO 
Pi • H 
o Pi 

• H cO 
• P PH 
cO S • 

- H o Pi 
Pi o CO 
cO 0 
> O 

• o 0 CO 
4=1 • o 
• P L A • H 

- P 
• 

43 CD 
• H H 

73 <H - P 
0 <H 
CO Pi 
Pi •H 0 
cO 43 
o Pi - P 

>> O Pi 
H 43 • H 
cO CO 
S 0 
o CO H 

0 - P 

- p 
• H 
> 
cO 

& 
0 

43 
EH 

H 
H 
•H 
- P 
Pi < 
Pi 
0 
CO 
CO 
0 H3 

7 3 

- P 
CO 
pi 
Pi 
o 

S 
L A 



8 

CN 

1 

I 



96 

Interpretation of the significance of the overall negative 

anomaly across the Lesser A n t i l l e s i s not straightforward. I t s 

amplitude i s dependent on the assumed regional between the gravity 

f i e l d s over two areas that are thought to be unaffected by the 

process of subduction below the Lesser A n t i l l e s . How the regional 

would vary across the region i f subduction were not taking place 

cannot r e a l l y be determined. Although one takes as a guide the 

s a t e l l i t e observed global gravity anomalies, which have a longer 

wavelength than the anomaly considered, one cannot be sure how much 

the global anomaly has been contributed to by the anomaly considered. 

Taking in t o consideration these q u a l i f i c a t i o n , the possible causes of 

the long wavelength anomaly over the Lesser A n t i l l e s region may 

be speculated on. 

One cause could be a low density inhomogeneity i n the mantle, 

but another p o s s i b i l i t y i s that the whole of the area east of the 

Lesser A n t i l l e s , including some of the Atlantic Ocean, i s out of 

isost a t i c equilibrium i n a negative sense. The cause of such a major 

imbalance may be the process which i s producing subduction i n the 

Lesser A n t i l l e s . The shorter wavelength negative and positive anomalies 

i n the region of Barbados could be an effect of the bending of the 

lithosphere as i t i s subducted. I t appears to be a common feature of 

ocean trenches that a positive free-air gravity anomaly of about kO mgal 

amplitude occurs on the seaward side of the trench about 120 km from 

the trench axis (Talwani, 1971) accompanied by a gentle r i s e i n the 

bathymetry. The negative anomaly i s situated over the part of the 

descending lithosphere that i s being bent downward past the non-

descending lithosphere which must also be depressed by the stress 
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induced by the descending lithosphere. The bending of the subducted 

lithosphere seems to result i n the elevation of part of i t s surface 

above i t s is o s t a t i c equilibrium position, giving r i s e to the positive 

anomaly observed on the oceanward side of the subduction zone. 

I f subduction i s the cause of the overall negative free-air 

anomaly i n the Lesser A n t i l l e s region, then the force acting i s 

k.78 x 10 J dynes per cm along the subduction zone, which i s a l i t t l e 
be 

i n excess of the forces estimated to^ acting on plates from the 

hydrostatic pressure resulting from the elevation of mid ocean 

ridges above the surrounding sea f l o o r , which i s about 1.8 x 10"^ dynes. 

I f the average shear stress along the subduction zone to a depth of 

200 km i s 1 kbar (Wyss, 1970) then the force needed to maintain the 

stress i s 3 x 10"^ dynes. Clearly the process causing subduction i s 

of s u f f i c i e n t magnitude to create the isostatic imbalance. The 

cause of subduction cannot be the negative buoyancy of the subducted 

lithosphere, which should produce an overall positive gravity anomaly 

instead of the negative one that i s observed. 



98 

Chapter 6 

Seismicity and the present tectonic state of the Caribbean 

The most evident indication of the present day tectonisra i s 

the seiraic a c t i v i t y of the region. The seismicity, which has been 

described by Sykes and Ewing (1965), Molnar and Sykes (1969), and 

Tomblin (1971)* i s almost wholly confined to the margins of the 

Caribbean, and focal mechanism solutions from earthquake f i r s t motions 

indicate the nature of tectonic a c t i v i t y on various parts of the 

Caribbean 'plate 1 boundary. Fig. 6.1 shows earthquake focal mechanism 

solutions from Molnar and Sykes (1969), and Tomblin (personal 

communication)• Along the Lesser A n t i l l e s there i s a large proportion 

of thrust type f a u l t s which are presumably associated with underthrusting 

of the lithosphere. The axes of pri n c i p a l extensive stress i n these 

earthquakes generally plunge towards the west at about h3° • Not 

a l l the solutions show t h i s type of motion, however, and some mechanisms 

have v e r t i c a l f a u l t planes with an easterly str i k e on which there has 

been either v e r t i c a l or s t r i k e s l i p motion. These mechanisms may be 

due to motion on old transcurrent f a u l t s i n the subducted lithosphere 

reactivated, though probably not i n t h e i r o r i g i n a l sense, by 

deformation of the subducted plate. The presence of these f a u l t s i s 

supported by the d i s t r i b u t i o n of earthquakes and aftershocks along 

east-north-easterly trending l i n e s , p a r t i c u l a r l y i n the northern part 

of the Lesser A n t i l l e s . Fig. 6.2 shows an example of such a sequence. 

At the southern end of the Lesser A n t i l l e s i n the north of Trinidad 

and Venezuela earthquake mechanisms are of two types; dextral s t r i k e 

s l i p with an easterly trend, and v e r t i c a l f a u l t planes with an easterly 
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s t r i k e down-throwing to the north which are interpreted as hinge 

f a u l t s by Molnar and Sykes (1969). The hinge f a u l t s are thought to 

be situated on the southern l i m i t of the subduction zone where the 

edge of the descending plate moves past the adjacent plate. Further 

west i n Venezuela mechanisms are dextral st r i k e s l i p with a 

predominantly easterly s t r i k e . 

The focal mechanisms i n the Greater A n t i l l e s are mainly of 

the thrust type with a few s i n i s t r a l s t r i k e s l i p motions. The 

orientation of the thrust mechanisms does not f i t easily i n to any 

plate tectonic interpretation. The direction of the p r i n c i p a l stress 

axes vary from l80° to 270° and would seem to indicate that the 

Greater A n t i l l e s are being obliquely underthrust and that the 

mechanisms are caused by internal deformation of the underthrust 

plate. Some of these mechanisms arise i n the Puerto Rico Trench area, 

where one might expect only s t r i k e s l i p motions. Bracey and Vogt 

(1970) proposed that the Puerto Rico Trench i s essentially a transform 

f a u l t and that subduction takes place along the northeast coast of 

Hispaniola. As w i l l be shown l a t e r , the d i s t r i b u t i o n of hypocentres 

does not support a simple subduction zone hypothesis, and the mechanisms 

of the Puerto Rico Trench region are hardly t y p i c a l of a straightforward 

transform f a u l t . This point i s discussed by Molnar and Sykes (1971). 

I n the Cayman Trough, focal mechanisms indicate s i n i s t r a l s t r i k e 

s l i p f a u l t i n g ; the st r i k e of the f a u l t i s p a r a l l e l to the trend of the 

trough. Along the Middle Americas Trench there i s underthrusting 

which terminates at the Panama Fracture Zone. I n the region between 

the Panama Fracture Zone and Colombia there are very few intermediate 



E a s t e r n Caribbean earthquake epicentres determined by the 

Seismic Research Unit, T r i n i d a d for the period J u l y to 

September 1966. The east-northeasterly trend of e p i c e n t r a l 

groups i s w e l l shown i n the northern h a l f of the L e s s e r 

A n t i l l e s . From Tomblin (1971). 



i<vig. £.2 Eastern Caribbean earthquake epicentres, July-September 1966. 
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depth earthquakes and the one mechanism determined by Molnar and 

Sykes (I969) apparently i n d i c a t e s normal f a u l t i n g . The l e v e l of 

s e i s m i c i t y i s a l s o lower than i n adjacent regions. 

Eastern Caribbean Seismic Zone 

To obtain a c l e a r e r understanding of the nature of the seismic 

zone i n the eastern Caribbean, an a n a l y s i s was made of the d i s t r i b u t i o n 

of hypocentral p o s i t i o n and energy r e l e a s e . Earthquake a c t i v i t y over 

two periods was considered; 1964 to 1970 using p o s i t i o n s determined 

by the I n t e r n a t i o n a l Seismological Centre, Edinburgh, and 1904 to 

1970 incorporating data given by Gutenberg and R i c h t e r (195*0 1 and 
Sykes and Ewing (I965K Earthquakes from the l a s t two sources were 

more poorly determined than the I.S.C. hypocentres, mainly a 

consequence of fewer s t a t i o n s , and because of t h i s earthquakes of 

magnitude l e s s than 4.0 from the older data, which are only determined 

by a few s t a t i o n s , were not included i n the a n a l y s i s . Even so the 

depth d i s t r i b u t i o n produced for the longer period i s l i k e l y to be 

more i n error than that for the shorter period. Determinations which 

gave large r e s i d u a l s were omitted from the 1964 to 1970 data. 

The data were analysed using a computer program to do r o l l i n g 

mean a n a l y s i s (two dimensional moving average). The program i s 

described and l i s t e d i n appendix C6.1. T h i s produced maps of the mean 

depth of earthquakes i n a one degree diameter c i r c l e , and the mean 

energy r e l e a s e per degree per year, a l s o using a 1 diameter sample 

c i r c l e . The spacing of the sample points was 0.05° which i s the e r r o r 

on the b e t t e r determined earthquakes. The energy was derived from the 
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magnitude (m^) using the r e l a t i o n s h i p 1°S^Q Energy = 5*8 + 2.*f x 

Magnitude (Gutenberg and Richter, 1956). The magnitudes of the 

e a r l i e r earthquake data given as Mg and t o make these compatible 

w i t h the other data they were converted t o m̂  using the r e l a t i o n s h i p 

Mg = 1.59^ - 3-97 (Gutenberg and Richter, 1956)- There are more 

recent formulae f o r r e l a t i n g Mg to m̂  (Gupta and Rastogi, 1971)1 

but the M values i n the early set of data were mostly derived 
s 

o r i g i n a l l y from m̂  using the r e l a t i o n s h i p given. There are also 

recent estimates f o r the energy r e l a t i o n s h i p . Bath's (1966) 

( l o g ^ energy = *f„8 + 2.57 m^) i s a l i t t l e d i f f e r e n t and gives 

greater energy values f o r magnitudes over 5*9i but only as l i t t l e 

as 0.2 at magnitude 7.2 which i s the largest i n the data set. 

The maps produced are shown i n f i g s . 6.3? 6.*+, 6.5? and 6.6. 

The most c l e a r l y defined feature on the f o c a l depth maps i s the 

i n c l i n e d zone of earthquakes beneath the Lesser A n t i l l e s , extending t o 

depth of 200 km and dipping a t between ^0° and to the west. The 

eastern l i m i t of the earthquakes fo l l o w s approximately the axis of the 

negative f r e e - a i r g r a v i t y anomaly. F i g . 6.7 shows a cross section 

through the Lesser A n t i l l e s f o r the period 196*f t o 1970 i n which a l l 

the f o c i i are projected onto a single plane r a d i a l from the arc. This 

also shows the dipping zone c l e a r l y . The deepest earthquakes i n the 

eastern Caribbean occur j u s t west of the Lesser A n t i l l e s . Although 

f o r c l a r i t y on the maps displayed the depths are given i n classes of 

50 km the class i n t e r v a l f o r the computed maps was 5 km. The 

indented p a t t e r n of the earthquake depth map, though p a r t l y a f u n c t i o n 

of uneven d i s t r i b u t i o n , seems to be r e l a t e d t o the n o r t h e a s t e r l y 

trending f a u l t s suspected i n the north of the Lesser A n t i l l e s . These 
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f a u l t s may be rea c t i v a t e d because of d i s t o r t i o n of the subducted 

lithosphere caused by i t s n o n - s a t i s f a c t i o n of a p r i n c i p l e of 

spherical geometry, postulated by Frank (1968) to be a c o n t r o l l i n g 

f a c t o r of the curvature of i s l a n d arcs. This i s th a t i f the 

surface of a sphere w i t h a t h i n i n e x t e n s i b l e e l a s t i c s h e l l i s 

depressed then the radius of the depression ( i n t h i s case the radius 

of curvature of the trench) r = \ R8, where R i s the radius of the 

sphere (the Earth) and 6 i s the angle of depression (the subduction 

angle). The angle of subduction i n the Lesser A n t i l l e s i s k0° but 

the radius of curvature i s 5-5° which means the angle of subduction 

should be 11° i f the p r i n c i p l e i s to be s a t i s f i e d , a l t e r n a t i v e l y the 

radius of curvature of the trench should be 20° . The subducted p l a t e 

must therefore undergo some extension across i t t o achieve a 

subduction angle of 40°. There are two drawbacks t o t h i s analysis; 

f i r s t l y while the thickness Of the lithosphere i s small i n comparison 

to the radius of the Earth i t cannot r e a l l y be considered of n e g l i g i b l e 

thickness; and secondly the p l a t e cannot be considered t o behave t r u l y 

e l a s t i c a l l y . I f the lithosphere i s 80 km t h i c k when subducted most of 

i t must deform p l a s t i c a l l y , because of the radius of curvature of the 

top surface i s about 210 km the bottom surface must undergo shortening 

of about 38$, and as J>% i s a reasonable value f o r the e l a s t i c l i m i t 

(Ramsay, 1967) only the top 12 km can deform e l a s t i c a l l y ( i f the plane 

of no s t r a i n i s 6 km below the top surface). Extension of the top 

surface due t o bending of the p l a t e may be the cause of many of the 

earthquakes whose axes of p r i n c i p a l extensional stress plunge t o the 

west. 

Luyendyk (1970) has derived an empirical r e l a t i o n s h i p between the 
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dip of a subducted p l a t e and the r a t e of subduction, which ne g l e c t s 

the e f f e c t of a s p h e r i c a l earth, and has as i t s b a s i s the premise that 

the subducted lithosphere s i n k s v e r t i c a l l y at a r a t e of k to 6 cm y , 

r e g a r d l e s s of i t s h o r i z o n t a l v e l o c i t y . T h i s r e l a t i o n s h i p g i v e s a 

subduction angle of k5° for a subduction rate of 8 cm y 1 and an 

angle of 90° for a r a t e of 1 cm y " 1 . Whilst t h i s i s an i n v a l i d 

r e l a t i o n s h i p ( I t i s i n t e r n a l l y i n c o n s i s t e n t s i n c e a s l a b with a 

subduction r a t e of 1 cm y""^ cannot be s i n k i n g at k to 6 cm y , and 

t o t a l l y neglects the r e s i s t a n c e of the mantle to .horizontal motion), 

i t does draw atte n t i o n to the e f f e c t of the s l a b ' s own negative 

buoyancy a r i s i n g from i t s r e l a t i v e l y cool i n t e r i o r , which must be a 

major cause of d i s t o r t i o n of the p l a t e from i t s t h e o r e t i c a l shape as 

p r e d i c t e d by Frank's hypothesis. Also pertinent i s the f a c t that 

the bottom and s i d e s of a subducted s l a b are free edges and r e l a t i v e l y 

unrestrained, which i s not the case for the depression i n the t h i n 

i n e x t e n s i b l e s h e l l . T h i s d i v e r s i o n from the t h e o r e t i c a l case i s more 

acute the shorter the length of arc i s , and s i n c e i t i s the smaller 

i s l a n d a r c s of the world which are l e a s t s a t i s f a c t o r i l y accounted f o r 

by Frank's hypothesis i t seems that free edges of the subducted p l a t e 

are an influence upon i t s shape. 

I n the Greater A n t i l l e s the d i s t r i b u t i o n of earthquake f o c i i 

becomes more complicated. North of Puerto Rico they g e n e r a l l y are 

d i s t r i b u t e d along an i n c l i n e d plane dipping southwards. Further 

west the pattern i s more of a very steep V shape i n c r o s s - s e c t i o n , but 

t h i s i s not c l e a r l y defined. The zone of deeper earthquakes does not 

continue along the northern coast of Hispaniola. The trend, i f 

anything, i s along the southern coast and does not suggest a subduction 
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zone p a r a l l e l t o the n o r t h e a s t c o a s t . 

From the 1964-1970 energy map t h e r e appear t o be s e v e r a l gaps 

i n the s e i s m i c i t y , b u t i n s p e c t i o n o f the 1904-1970 energy map 

shows t h a t these areas are f i l l e d , o f t e n by one earthquake o f l a r g e 

magnitude* For t h e p e r i o d 1904-1952 o n l y data f o r l a r g e magnitude 

earthquakes was a v a i l a b l e . I t i s w o r t h n o t i n g t h a t s e v e r a l areas 

such as Jamaica and c e n t r a l Venezuela appear t o have been r e l a t i v e l y 

i n a c t i v e s e i s m i c a l l y d u r i n g t h e 20th c e n t u r y y e t have a h i s t o r y o f 

l a r g e d e s t r u c t i v e earthquakes. I t i s probable t h a t these p l a c e s 

are a t p o i n t s o f g r e a t e r t h a n average r e s i s t a n c e on t h e f a u l t 

systems bounding the Caribbean and consequently a g r e a t e r s t r e s s 

needs t o b u i l d up b e f o r e f a u l t motion takes p l a c e . A l s o i t i s 

p o s s i b l e t h a t much o f t h e r e l a t i v e movement i n these p l a c e s i s 

d i s s i p a t e d i n the form o f creep. The p e r i o d over which one c o u l d 

c o n s i d e r movement t o have taken p l a c e a l o n g a l l the boundary f a u l t s 

i s c e r t a i n l y more t h a n a c e n t u r y and t h i s makes our d e t a i l e d knowledge 

o f t h e s e i s m i c i t y based on a few years o b s e r v a t i o n s v e r y i n c o m p l e t e . 

T h i s s o r t o f p e r i o d l e n g t h f o r s e i s m i c i t y seems t o be c h a r a c t e r i s t i c 

o f r e g i o n s where r e l a t i v e p l a t e motion i s f a i r l y slow. 

Earthquake f o c a l depth d i s t r i b u t i o n 

Another aspect t o co n s i d e r i s how t h e frequency and energy o f 

earthquakes i n the A n t i l l e s are d i s t r i b u t e d w i t h depth. The 

frequency o f earthquakes a s s o c i a t e d w i t h subduction zones seems t o 

decrease e x p o n e n t i a l l y w i t h depth, t a k i n g t h e form frequency = 

constant x exp (-depth/100) ( I s a c k s and o t h e r s , 1968), and t h i s i s 
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a t t r i b u t e d to an increase i n the r a t e of deformation by d u c t i l e flow 

compared to that by sudden shear f a i l u r e . F i g s . 6 . 8 , 6 . 9 1 6 . 1 0 , and 

6 . 1 1 show the d i s t r i b u t i o n with depth of earthquake frequency and 

energy i n the Le s s e r and Greater A n t i l l e s for the periods 190*+-1970 and 

1964-1970 . For the computation of these graphs i t was assumed that 

the e r r o r s i n the determination of the depth of the f o c i i were 

normally d i s t r i b u t e d and that a l l the determinations had a standard 

e r r o r of 10 km, which i s the average standard e r r o r . The v a l i d i t y 

of the graphs would be improved i f the i n d i v i d u a l standard e r r o r f o r 

each earthquake hypocentral depth were used. I n d i v i d u a l values for 

a l l the f o c i i were not r e a d i l y a v a i l a b l e and b r i e f i n s p e c t i o n of the 

er r o r bars on the f o c i i - . p l o t t e d i n f i g . 6 . 7 w i l l show that the use of 

an average value of 10 km i s not u n r e a l i s t i c . ( D e t a i l s of program 

fo r computation of the graphs are given i n appendix C 6 . 2 ) . 

The frequency d i s t r i b u t i o n for the L e s s e r A n t i l l e s over the 

period 1964-1970 shows a strong maximal peak a t 45 km which t a i l s o f f 

with i n c r e a s i n g depth but gives a secondary maximum at 150 km. The 

d i s t r i b u t i o n over the period 1904-1970 shows the same c h a r a c t e r i s t i c s , 

though the maximum i s at about 40 km depth. The energy d i s t r i b u t i o n s 

show the influence of larg e earthquakes. The L e s s e r A n t i l l e s 1964-1970 

period graph shows a peak a t zero depth with an exponential decrease 

with depth, but the 1904-1970 graph shows two large peaks at 100 

and 140 km depth. The peak on the f i r s t graph i s caused by a 

magnitude 6 . 4 earthquake a t 1 km depth. T h i s fades i n t o i n s i g n i f i c a n c e 

however, when compared with the earthquakes of magnitude 7 . 0 , 7 .2 and 

7 .2 at 100 km, and 7 . 2 at 134 km which are the major contributors to 

the maxima on the 1904-1970 graph. The frequency d i s t r i b u t i o n s f o r 



6.8 Graphs showing the d i s t r i b u t i o n w i t h depth o f earthquake,, 

6.9 frequency and energy. The standard e r r o r of depth of 

6.10 hypocentre i s taken as 10 km- The graphs are taken 

6.11 from the L e s s e r and Greater A n t i l l e s s eparately for the 

periods 1904 to 1970 and 1964 to 1970. 
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the Greater A n t i l l e s show a maximum around 40 km and no pronounced 

secondary peaks. By contrast with the Lesse r A n t i l l e s the energy 

d i s t r i b u t i o n s are s i m i l a r to the frequency d i s t r i b u t i o n s . The 

frequency d i s t r i b u t i o n s do not follow the simple exponential decay 

law given above, except below about 50 km. What are the reasons 

for t h i s ? From i n t e r p r e t a t i o n of the c r u s t a l s t r u c t u r e i n the 

southern part of the Lesse r A n t i l l e s i t seems that the f a u l t plane 

at the top of the descending lithosphere does not go through 

c r y s t a l l i n e basement u n t i l a depth of 20 km and there i s a l s o no 

strong curvature on the subducted lithosphere up to t h i s depth. The 

majority of earthquakes i n the depth range 30 to 70 km occur w e l l 

below the probable top surface of the subducted p l a t e as i n t e r p o l a t e d 

between the c r u s t a l s t r u c t u r e and the trend of the deeper earthquakes. 

I t seems, therefore, that the maximum frequency peak of earthquakes at 

about 40 km depth i s a r e s u l t of i n t e r n a l deformation of the 

lithosphere as i t i s bent down into the mantle. The energy 

d i s t r i b u t i o n f or the L e s s e r A n t i l l e s 1904-1970 may be poorly defined 

because the la r g e magnitudes are from the older data and the depth 

and magnitude determinations are probably not too good. A comparatively 

small e r r o r i n the magnitude determination can have a large e f f e c t on 

the apparent energy r e l e a s e . Comparison of magnitude determinations 

from r e g i o n a l s t a t i o n s with those from world wide s t a t i o n s shows a 

b i a s towards values from the world wide s t a t i o n s ( J . Tomblin, personal 

communication)• 

Subduction r a t e 

Using the energy r e l e a s e values for the period 1904-1970 the r a t e 
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o f movement down the subdu c t i o n zone was c a l c u l a t e d u s i n g t he method 
22 2 o f Brune (1968). Taking t he value o f 10 ergs p er degree per year 

and a d i p o f the seismic zone o f 40°, 0.5 cm per year i s t h e r a t e 

obtained, which i s the same as t h a t e s t i m a t e d by Molnar and Sykes 

(1969) u s i n g t h e same method. Rates c a l c u l a t e d by t h i s method are 

u s u a l l y an underestimate; Brune's method a p p l i e d t o the I m p e r i a l 

V a l l e y f a u l t gave a value o f 3.2 cm per year whereas t h e movement 

measured g e o d e t i c a l l y was 8.0 cm per year. Brune a t t r i b u t e d t h e 

discrepancy t o displacement by creep i n the s u r r o u n d i n g r o c k s , and 

t h i s i s supported by the presence o f m y l o n i t e s i n r e g i o n o f t h e f a u l t . 

I f t h e r a t e determined above i s v a l i d f o r t h e pre s e n t p e r i o d o f Lesser 

A n t i l l e a n vulcanism which s t a r t e d some time near t h e end o f t h e Miocene, 

then about 50 t o 100 km o f l i t h o s p h e r e has been subducted s i n c e t h e n . 

The maximum depth o f t h e seimic zone i s not n e c e s s a r i l y d i r e c t l y 

r e l a t e d t o the depth of subducted l i t h o s p h e r e , but may r e f l e c t t h e 

depth a t which a c r i t i c a l r a t i o between t h e temperature o f t h e subducted 

l i t h o s p h e r e and the temperature o f the sur r o u n d i n g i s passed, and 

beyond which t h e r e i s n o t s u f f i c i e n t p h y s i c a l c o n t r a s t f o r earthquakes 

t o occur. McKenzie (I969) u s i n g data f o r the l e n g t h o f seismic zone 

and su b d u c t i o n r a t e f o r most o f the world's i s l a n d a rcs from I s a c k s , 

O l i v e r and Sykes (1968) found t h a t f o r h i s t h e r m a l model o f a 

sub d u c t i o n zone t h e c r i t i c a l p o i n t was reached when t h e temperature 

a t t h e c e n t r e o f the subducted s l a b reached 85% o f h i s a d i a b a t i c 

mantle temperature. Griggs (1972) b e l i e v e s t h e c r i t i c a l temperature 

a t t h e c e n t r e o f t h e subducted s l a b t o be two t h i r d s o f t h e m e l t i n g 

temperature, and d e r i v e s a more s o p h i s t i c a t e d r e l a t i o n s h i p between 

su b d u c t i o n r a t e and l e n g t h o f seimic zone t h a n t h e s t r a i g h t l i n e f i t o f 
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I s a c k s , O l i v e r and Sykes (1968). A c c o r d i n g t o these r e l a t i o n s h i p s t h e 

sub d u c t i o n r a t e a t t h e Lesser A n t i l l e s should be 2.8 or J>.1 cm y 

These r u l e s are e m p i r i c a l and t h e r e are s e v e r a l e x c e p t i o n s , most o f 

which, l i k e t h e Lesser A n t i l l e s , have seismic zones deeper t h a n 

p r e d i c t e d by t h e subduction r a t e . 

P l a t e Motions 

C o n s i d e r i n g t h e evidence f o r t h e n a t u r e o f p r e s e n t day p l a t e 

motions i n t h e Caribbean r e g i o n , i t can be seen t h a t t h e Caribbean 

P l a t e i s almost c o m p l e t e l y bounded by s e i s m i c a l l y a c t i v e zones. B a l l 

and H a r r i s o n (1969> 1971) thought t h a t t h e Caribbean i s coupled t o 

South America and took as evidence, t he apparent l a c k o f s e i s m i c i t y i n 

c e n t r a l Venezuela, t he absence o f any o b v i o u s l y continuous f a u l t a l o n g 

the southern boundary o f the Caribbean, and the s m a l l e s t i m a t e o f 

displacement (15 km) g i v e n by Metz (1968) f o r the P i l a r F a u l t . T h i s 

n e c e s s i t a t e s u n d e r t h r u s t i n g o f the Lesser A n t i l l e s by the mechanism 

shown as model 2 i n f i g . 6.12. The p o l e p o s i t i o n s and r a t e s o f 

r o t a t i o n f o r t he Nort h and South A t l a n t i c spreading regimes ( f r o m 

a n a l y s i s d e s c r i b e d i n chapter 7) do i n d i c a t e r e l a t i v e movement between 

N o r t h and South America o f t h e r i g h t sense t o d r i v e t h i s model. Set 

a g a i n s t t h i s , however, i s the almost complete absence o f s e i s m i c i t y i n 

th e r e g i o n east o f the Lesser A n t i l l e s where the necessary boundary f a u l t 

between the N o r t h and South American P l a t e s must occur. The few 

earthquakes t h a t do occur are w i d e l y s c a t t e r e d and do n o t i n d i c a t e any 

l i n e a r f e a t u r e . The absence of earthquakes i n c e n t r a l Venezuela was o n l y 

a temporary anomaly, v a l i d f o r the p e r i o d over which t he data shown i n 

Sykes and Ewing (1969) was gath e r e d . More r e c e n t e p i c e n t r a l d e t e r m i n a t i o n s 



6.12 The two a l t e r n a t i v e mechanisms o f p l a t e motion by which 

u n d e r t h r u s t i n g i n t h e Lesser A n t i l l e s c o u l d be caused. 

Model 1 shows the Caribbean P l a t e moving eastward r e l a t i v e 

t o t h e N o r t h American P l a t e and South American P l a t e which 

are p r o b a b l y j o i n e d t o form one l a r g e American P l a t e . The 

Caribbean P l a t e may have some connec t i o n w i t h p l a t e s i n the 

P a c i f i c . Model 2 shows the Caribbean as p a r t of the South 

American P l a t e which moves eastward w i t h r e s p e c t t o t h e 

N o r t h American P l a t e . A t r a n s f o r m f a u l t runs from the 

southern end o f the Lesser A n t i l l e s t o the Mid A t l a n t i c 

Ridge. 
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show earthquakes i n t h i s region and as mentioned pr e v i o u s l y i t has 

been s e i s m i c a l l y a c t i v e e a r l i e r . Taking t h i s i n t o account i t i s more 

l i k e l y that model 1 of f i g 6.12 i s the b e t t e r representation of present 

Caribbean p l a t e motions. Displacement at the western end of the 

Caribbean's southern boundary could be taken up i n the fo l d i n g and 

overthrusting of the Colombian Andes which commenced 9 my a-go (the 

Andean Orogeny)- There i s probably p a r t i a l coupling between the 

Caribbean P l a t e and the Nazca P l a t e i n the region of the Panamanian 

isthmus and i t s sigmoidal shape may be the r e s u l t of c r u s t a l deformation 

there. The motions causing the Nazca P l a t e to underthrust South America 

a l s o provide a d r i v i n g force for the Caribbean P l a t e . The s t r i k e s l i p 

motion i n northern Venezuela i s probably taking place along the P i l a r 

f a u l t system and some immediately offshore f a u l t s . Although most of 

the movement measured on t h e . E l P i l a r f a u l t i n eastern Venezuela 

appears to have taken place i n l a t e Eocene times, f u r t h e r west f a u l t s 

i n the same system such as the La V i c t o r i a f a u l t show displacement of 

l a t e Miocene to Recent age. The speculative Southern Caribbean F a u l t 

postulated to run along the base of the continental slope (Barr, 1955; 

North, 1965) has been shown not to occur i n the region north of 

Trinidad, where i t should e x i s t to connect with the subduction zone 

(Weeks and others, 1971; Bassinger and others, 1971). 

There remains the p o s s i b i l i t y that the present t e c t o n i c 

s i t u a t i o n i s a combination of models 1 and 2. I f t h i s i s the case, 

then the r e l a t i v e amounts of movement along the mutual boundaries of 

the p l a t e s can be determined i f the poles of the r e l a t i v e r o t a t i o n 

between the p l a t e s are known. The pole which gives a small c i r c l e f i t 
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to the Cayman Trough provides an estimate of the Caribbean/N. America 

pole. The E l P i l a r Fault gives the Caribbean/S. America pole, and the 

N. America/S. America comes from the analysis of the North and South 

A t l a n t i c spreading regimes. These give r e l a t i v e r a t e s of r o t a t i o n i n 

r a t i o s 0.42:1.0:0.12: f o r C./N.A.:C./S.A.:S.A./N.A. and t a k i n g i n t o 

account the arc length from pole to f a u l t t h i s means th a t most of 

the movement should be ta k i n g place along the southern boundary of the 

Caribbean. The seis m i c i t y seems t o i n d i c a t e t h a t the northern 

boundary i s the most a c t i v e . The analysis does not lend immediate 

support t o the hypothesis of motion between three p l a t e , but t h i s may 

be due to a poor assessment of the poles of r e l a t i v e r o t a t i o n . Most 

suspect i n t h i s respect i s the Caribbean/S.America pole. The E l 

P i l a r f a u l t i s l i k e l y t o be a poor estimator because i t i s of short 

length and also a re a c t i v a t e d older f a u l t . Other f a u l t s which also 

show s e i s m i c i t y , such as the Bocono F a u l t , have a northeast t r e n d and 

some of the earthquake mechanisms give f a u l t planes w i t h a NNE s t r i k e 

These features are i n the west of Venezuela and a r o t a t i o n a l pole which 

accommodates these features most l i k e l y l i e s w e l l to the south i n 

South America. A pole i n t h i s area would probably l i e near t o the 

pole determined from the Cayman Trough and t h i s would favour model 1 

as being the predominant mode of p l a t e motion. The Cayman Trough 

appears t o have undergone some east-west extension during the Pliocene 

(Bowin, 1968; Gough and H e i r t z l e r , 1969; Ericson and others, 1972) even 

though f a u l t plane solutions are p a r a l l e l to the tren d of the trough. 

Another point about the Cayman Trough i s t h a t i s extension through 

Central America, commonly assumed to be the Motagua F a u l t , does not l i e 

on the same small c i r c l e as the trough. I t i s however, on a small 
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c i r c l e w i t h t h e n o r t h e r n slope o f the Nicaraguan Rise and i t may be 

t h a t t h e f a u l t r a n a l o n g t h e r e e a r l i e r i n t h e T e r t i a r y . T h i s s t i l l 

l eaves the problem o f p r e s e n t day motion and one must appeal t o 

en echelon f a u l t i n g and c r u s t a l d e f o r m a t i o n t o r e s o l v e i t . 

The alignment o f the p r i n c i p a l axes o f e x t e n s i v e s t r e s s o f e a r t h ­

quakes i n the Lesser A n t i l l e s down the subducted p l a t e might be 

i n t e r p r e t e d as f a v o u r i n g t h e concept o f s u b d u c t i o n due t o t h e 

g r a v i t a t i o n a l i n s t a b i l i t y o f the descending l i t h o s p h e r e , as has been 

suggested f o r many o f the c i r c u m - P a c i f i c a r c s . The s u b d u c t i n g 

l i t h o s p h e r e , however, cannot be dragging the whole o f the western 

A t l a n t i c p l a t e towards the Caribbean. I t i s a l s o u n l i k e l y t h a t a 

p l a t e t h e s i z e o f the Caribbean c o u l d have a d r i v i n g f o r c e o f i t s own. 

I t seems, t h e r e f o r e , t h a t some s o r t o f c o u p l i n g w i t h t h e Nazca P l a t e 

i s t h e most probable cause o f the movement g i v i n g s u b d u c t i o n i n t h e 

Lesser A n t i l l e s . 
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Chapter 7 

T e c t o n i c H i s t o r y o f the Caribbean Region 

I n t r o d u c t i o n 

The o b j e c t o f t h i s chapter i s t o assess the pro b a b l e n a t u r e o f t h e 

t e c t o n i c movements which brought t he Lesser A n t i l l e s a r c i n t o b e i n g and 

i n f l u e n c e d i t s development. The t e c t o n i c s t a t e o f t h e Caribbean 

area has changed s e v e r a l t i mes s i n c e t h e commencement o f movement i n 

t h i s r e g i o n , when t h e i n i t i a l r i f t i n g o f t h e A t l a n t i c began 180 my ago. 

Thus simple e x t r a p o l a t i o n i n t o t h e past o f the pre s e n t t e c t o n i c regime 

i s c e r t a i n t o l e a d t o erroneous c o n c l u s i o n s . 

The h i s t o r y o f t h e Caribbean has been i n t e r p r e t e d i n terms o f p l a t e 

t e c t o n i c s , e i t h e r w h o l l y o r p a r t l y , by s e v e r a l a u t h o r s , and r e c e n t l y t h e r e 

has been much debate about the i m p l i c a t i o n s ( F r e e l a n d and D i e t z , 1971 & 

1972; Mattson, 1972; M a l f a i t and Dinkleman, 1972 & 1973; B e l l , 1973; 

Meyerhoff and Meyerhoff, 1973)- These r e c o n s t r u c t i o n s a t t e m p t t o p r o v i d e 

s e q u e n t i a l e v o l u t i o n s r e l a t i n g r e l a t i v e movement between v a r i o u s p l a t e s 

o f d i f f e r i n g s i z e t o the f o r m a t i o n o f d i s t i n c t i v e r o c k t ypes ( e u g e o s y n c l i n a l 

sediments, c a l c - a l k a l i n e v o l c a n i c s , e v a p o r i t e s ) and s t r u c t u r a l movements 

i n t h e Caribbean r e g i o n d u r i n g v a r i o u s stages o f i t s h i s t o r y - The 

i n t e r p r e t a t i o n s depend c r i t i c a l l y on the r e l a t i v e p o s i t i o n s o f t h e N o r t h 

and South American P l a t e s d u r i n g the e v o l u t i o n o f the Caribbean, b u t i n 

the above mentioned r e c o n s t r u c t i o n s t he p o s i t i o n s are d e r i v e d m a i n l y from 

an i n t e r n a l c o n s i d e r a t i o n o f t h e t e c t o n i c s o f t h e Caribbean, and so are 

dependent on the i n t e r p r e t a t i o n . These r e c o n s t r u c t i o n s , appeal t o p l a t e 

t e c t o n i c s f o r t he l i c e n s e t o move p o r t i o n s o f the E a r t h ' s l i t h o s p h e r e 

around, but do not always accept t he c o n s t r a i n t s imposed by t h e geometry 
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of movement on a sphere. 

In order to gain a more objective view of t h i s problem, a semi­

quantitative evaluation i s made below of how the spreading his t o r i e s 

of the North and South Atlantic could have influenced the development 

of the Caribbean. 

Methods of Analysis 

Transform f a u l t s provide a means of assessing the r e l a t i v e motion 

between the adjacent two plates, because the f a u l t must l i e on a small 

c i r c l e of the pole of r e l a t i v e rotation between the two plates. The 

determination of r e l a t i v e plate motion using transform f a u l t s i s one 

of the p r i n c i p a l methods of analysis i n plate tectonics (Morgan, 1968; 

Le Pichon, 1968) and has been used extensively to f i n d poles describing 

the opening of the Atlantic (Fox and others, 1969; P h i l l i p s and Luyendyk, 

1970; Le Pichon and Hayes, 1971; Le Pichon and Fox, 1971). 

To calculate pole positions from transform f a u l t s three computer 

programs (C7-l» C7«2, C7.3) were written using three dif f e r e n t methods; 

two ana l y t i c a l , and one i t e r a t i v e . I n a l l these calculations a 

spherical earth was assumed. The f i r s t method of calculation finds the 

mean intersection of the great c i r c l e s that cut orthogonally chords 

joining pairs of points situated along the feature or features being used 

to f i n d the pole, and i s similar to that used by Morgan (1968). The 

second method f i t s planes through a l l the combinations of three points 

out of a group situated along any small c i r c l e feature,and finds the 

mean position of the poles to the planes. These two methods provide a 

direct estimate of the standard error on the pole i n longitude and 



11 If 

l a t i t u d e or distance from the pole, and one can plot the individual 

pole positions to give an impression of the shape of the zone i n which 

the poles f a l l . They are also very rapid and take only a few seconds 

on the computer. 

The t h i r d method, which i s i t e r a t i v e , finds the pole position that 

w i l l give the best least squares f i t of small c i r c l e s from the pole to 

the points situated on one or more transform f a u l t s , by minimising the 

variance of the difference i n l a t i t u d e , with respect to the pole, 

between the small c i r c l e and points along the feature. This method 

gives the standard error of the f i t of the small c i r c l e s to the points, 

but not the standard error on the pole position. I f the number of points 

i s small the standard error of f i t to the small c i r c l e s can be small but 

the pole may be very poorly defined. 

Le Pichon and Fox using the t h i r d type of method (1971) quoted 12 km 

as a minimum standard deviation for t h e i r pole of early opening of the 

North Atlantic at 58.3 N 21.8 W, which i s misleading i n two ways. 

F i r s t l y i t appears that the standard deviation quoted i s for the pole 

whereas i t i s r e a l l y for the f i t of the points to the small c i r c l e , and 

secondly i t gives no indication of what the re a l standard error on the 

pole i s . This apparent weakness i n the method can easily be overcome by 

mapping the function that i s being minimised ( i . e . the variance) to give 

the shape of the zone of minimum error i n which the pole f a l l s . From 

t h i s map one can see easily the l i m i t s of the v a l i d pole positions and 

because of t h i s mapping f a c i l i t y the i t e r a t i v e program was that most used. 

The other programs could be wr i t t e n to produce a similar type of map 

based on least square distance to the pole. Using the i t e r a t i v e program 

to recompute the position of the pole from Le Pichon's and Fox's data i t 
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i s found that t h e i r pole l i e s i n a small ' v a l l e y 1 of minimum standard 

error, the l i m i t i n g p o s i t i o n s at e i t h e r end being 59.2 N 19.0 W and 57.9N 

22.9 W. Th i s pole p o s i t i o n i s i n f a c t w e l l defined, and a p r i n c i p a l 

reason for t h i s i s that there i s a good spread of longitude values 

which give good d e f i n i t i o n of the l a t i t u d e of the pole which i s often 

the most poorly defined parameter. 

The best a v a i l a b l e data on the spreading h i s t o r i e s of the North and 

South A t l a n t i c were employed to f i n d the r e l a t i v e motions of North and 

South America with respect to A f r i c a during the various phases of opening. 

These motions were then used to c a l c u l a t e the r e l a t i v e motions between 

North America and South America. To do these c a l c u l a t i o n s a short program 

was w r i t t e n to compute composite and simple r o t a t i o n additions (Pars, 1965)-

T h i s program i s described and l i s t e d i n appendix C7.^ together with the 

pole l o c a t i o n programs and s e v e r a l other small programs to compute 

q u a n t i t i e s u s e f u l i n t h i s a n a l y s i s such as the rotated p o s i t i o n s of 

l o c a t i o n s , spreading r a t e s from r o t a t i o n r a t e s and v i c e versa, and 

r o t a t i o n s on poles i n three p l a t e problems when pole p o s i t i o n s are known 

from f a u l t boundaries. 

The opening of the A t l a n t i c 

There has been much work on the opening of the A t l a n t i c s i n c e the 

c o n t i n e n t a l r e c o n s t r u c t i o n of B u l l a r d , E v e r e t t and Smith (1965). Morgan 

(1968) and Le Pichon (1968) used f r a c t u r e zones to derive pole p o s i t i o n s 

for the present phase of opening of the whole A t l a n t i c . They t r e a t e d the 

A t l a n t i c as a s i n g l e spreading regime because no obvious zone of earth­

quake a c t i v i t y separates the North and South American p l a t e s . The 
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present positions of North and South America when compared with t h e i r 

p r e - d r i f t positions reveal that they must have had diffe r e n t poles of 

rotatio n at some time. Le Pichon and Hayes (1971)? and Le Pichon and 

Fox (1971) looked at the manner of early opening of the South and North 

Atlantic by computing the poles to features thought to be old fracture 

zones. They considered that the early opening was controlled by 

marginal offsets of the continents (major f a u l t s forming part of the 

continents' edges). Both contributions f i n d that there was a major 

change i n plate movement about 80 my bp. The pole that describes the 

r e l a t i v e movement between North and South America over the period 80 my 

to present i s 3«88 N 56.8 W rotation 8°. The probable age of the 

Caribbean Plate i s 80 my (Edgar, Saunders and others, 1971) and plate 

motions associated with the formation of the Lesser A n t i l l e s must 

consequently be more recent t&an t h i s . 

The geological history of the Caribbean reveals that i t has 

undergone periodic phases of tectonic a c t i v i t y of d i f f e r i n g type and 

orientation, suggesting that the r e l a t i v e motion between N. and S. America 

has not been constant i n i t s nature, although i n t h i s context the effect 

of plate motions i n the Pacific must not be overlooked. Vogt and others 

(1969) remarked on discontinuities i n seafloor spreading i n the North 

Atlantic and Fox and others (1969) presented evidence for at least two 

poles of rotation during the Tertiary. P h i l l i p s and Luyendyk (1970) 

calculated a pole position for the past *+0 my which d i f f e r s s i g n i f i c a n t l y 

from the present pole position of Morgan. Most recently Pitman and Talwani 

(1972) have shown by matching magnetic anomalies that the North Atlanti c 

has had several poles of rotati o n during i t s opening. To assess the 

possible influence of these changes ̂ the poles ofTaitwani and Pitman and 
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t h e i r r a t e s of r o t a t i o n were used i n conjunction with the l a t e pole of 

opening of the South A t l a n t i c (80 my to present) given by Le Pichon and 

Hayes. The r a t e of opening i n the South A t l a n t i c was taken to be 

constant for the c a l c u l a t i o n s . Pitman and Talwani used the time s c a l e 

of H e i r t z l e r and others (1968), subsequently confirmed by JOIDES r e s u l t s 

(Maxwell and others, 1970)- Therefore any changes i n the r a t e of 

motion w i l l only produce e r r o r s i n the r a t e of r e l a t i v e r o t a t i o n 

c a l c u l a t e d , not the pole p o s i t i o n or t o t a l amount of r o t a t i o n . 

Pitman and Talwani produced a pole of r o t a t i o n to describe the 

present motion of the North A t l a n t i c , based on four f r a c t u r e zones, 

that i s s u b s t a n t i a l l y d i f f e r e n t from that given by Morgan for the 

whole A t l a n t i c . Morgan's pole was based mainly on f r a c t u r e zones from 

the C e n t r a l A t l a n t i c , many of which l i e i n the area east of the Caribbean 

where the boundary between the North and South American P l a t e s must l i e , 

and therefore Morgan's pole i s p o s s i b l y c a l c u l a t e d from features i n 

separate spreading regimes. A r e c a l c u l a t i o n of the present South 

A t l a n t i c pole has been made using only f r a c t u r e zones that can be due 

to spreading i n the South A t l a n t i c (see f i g . 7*1)• A best pole p o s i t i o n 

at 53-96 N *f0.1 W was determined, but i t was found that by omitting some 

f r a c t u r e zones from the a n a l y s i s a s l i g h t l y d i f f e r e n t p o s i t i o n was found. 

The regions of minimum standard error for three d i f f e r e n t combinations of 

f r a c t u r e zones are shown i n f i g . 7«2. These data seem to show that a t 

present the North and South A t l a n t i c are opening about d i f f e r e n t though 

not widely separated poles. The recent pole determined for the South 

A t l a n t i c was subtracted from the l a t e pole of Le Pichon and Hayes to 

give the pole for the period 8l to 9 my bp. An attempt to f i n d the 

present South A t l a n t i c pole using earthquake data, which i n d i c a t e the 



Map of the object function, the variance of the f i t of a 

small c i r c l e from a pole to points on a transform f a u l t , 

m u l t i p l i e d by 100, determined i n finding the best f i t pole for 

spreading i n the South A t l a n t i c using f r a c t u r e zone data from 

the e q u a t o r i a l region of i t . a, b and c are the pole p o s i t i o n s 

found using d i f f e r e n t combinations of data and around them 

are shown the l i m i t s of the areas of equal pole v a l i d i t y with 

the minimum function value i n d i c a t e d . Contours shown are for 

pole a. m i s the A t l a n t i c pole of Morgan (1968). 
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c u r r e n t l y a c t i v e f a u l t s , gave a very poorly defined pole. T h i s was 

due p a r t l y to the inaccuracies of e p i c e n t r a l determination and p a r t l y 

to d i f f i c u l t y i n c o r r e c t l y i d e n t i f y i n g those epicentres which f e l l on 

fr a c t u r e zones. 

The r o t a t i o n s used i n the a n a l y s i s are given i n table 7.1 and 

from them i t can be seen that for most of t h e i r h i s t o r y the North and 

South A t l a n t i c have been opening about d i f f e r e n t poles of r o t a t i o n . 

Before considering the consequences of these r o t a t i o n s i n the Caribbean, 

an outline of the p o s s i b l e causes of underthrusting i n the L e s s e r 

A n t i l l e s w i l l be given. 

Table 7.1 

Table of r o t a t i o n poles 

used i n t h i s a n a l y s i s . 

F i n i t e r o t a t i o n s 

Age my North A t l a n t i c South A t l a n t i c 

L a t . Long. Rot. L a t . Long. Rot. 

9 69.7 N 33.^ w 3.6 53.96N ko.i W 3-6 

38 79.0 N 13.0 E 9-75 65.^2N 39.62 W 15.31 

53 77.0 N 15.0 E 13.9 66.41N 39.56 w 21.35 

63 75.0 N 15.0 E 17.0 66.82N 39.53 w 25.^ 

81 67.83 N 19.1̂ +W 31-26 67.3N 39.5 w 32.8 

79 .1 N 15.7 w 30.k * 

iko 69.65 N 12.77W 53.^9 Mf.ON 30.6 w 57.0 

160 67.95 N 12.51W 61.73 II 

l8o 66.0 N 12.0 w 7^.8 It 
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Instantaneous poles 

Period North Atlantic South Atlantic N. America/S. America 

Lat. Long. Rot. Lat. Long. Rot. Lat. Long. Rot. 

9-0 69-7N 33. 3.6 53.96N 40.1W 3-6 27.62S 49.53W -1.0 

38-9 78.4N 56.7E 6.3^ 68.88N **0.67 11.8 46.35N 56.61W 6.67 

53-38 72.^N 19. 8E k.17 68.88N 40.67W 6.05 41.24N 75-79W 2.5^ 

63-53 66.2N 18.2E 3-15 68.88N 40.67W 4.05 33-55N 94.26W 1.62 

63-81 29.7W 15.1^ 68.88N to.67W 7-4 41.13N 25.05W -8.3 

75.^3N 57.9W 13.75* 68.88N 40.67W 7.h 79.36N 98.2W -6.57* 

ito-81 58.3N LOW 2^.0 * 21.5N l̂ .OW 29-9 30.33S J>h. 2W -18.66 

* Pole from Le Pichon & Fox 

Caribbean plate models 

There are two main hypotheses which provide a mechanism for 

subduction beneath the Lesser A n t i l l e s ( f i g . 6.12). The f i r s t i s that 

the Caribbean Plate moves easterly with respect to North and South 

America, which together form a single large plate. The leading edge of 

the Caribbean plate overrides the Atlantic lithosphere, and i t s northern 

and southern boundaries are transform f a u l t s . The second hypothesis i s 

that the Caribbean i s attached to South America which moves eastward 

(rotating clockwise) r e l a t i v e to North America. Along the northern 

boundary there i s a transform f a u l t which runs into the subduction zone 

along the eastern edge of the Caribbean, and another transform f a u l t 

separating the North and South American Plates runs from the southern 

edge of the subduction zone to the Mid-Atlantic Ridge. There may be more 

than one transform f a u l t opposite the arc, i n which case the northern 
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part of the arc would be underthrust at a faster rate than the southern 

part. 

A major drawback of the f i r s t hypothesis (model l ) i s that there 

i s no continuous feature along the southern boundary of the Caribbean 

on which s t r i k e s l i p motion could have taken place. East-west f a u l t s 

i n Colombia do not d i r e c t l y j o i n the P i l a r and Vic t o r i a f a u l t s , and 

neither do they appear to extend any distance offshore (Krause, 1971)* 

On one of the major f a u l t s , (El P i l a r ) , a maximum displacement of only 

15 km since the Cretaceous has been estimated (Metz, 1968) and recent 

estimates for the movement on other f a u l t s i n northern South America 

(B e l l , 1973) are conservative by comparison with the e a r l i e r estimates of 

Rod (1936) and Alberding (1937)? giving values of tens of kilometres 

rather than hundreds. I n spite of t h i s , however, the evidence 

presented i n chapter 6, does suggest that model 1 most adequately 

explains Caribbean tectonics during the present period of subduction 

and vulcanicity i n the Lesser A n t i l l e s , which started about 9 my bp. 

Any plate tectonic scheme for the evolution of the Caribbean must 

account for several important features of the geological history of the 

region. These are:-

underthrusting of northern Venezuela to give the coastal metamorphics; 

the igneous Dutch Lesser A n t i l l e s and eclogites on Margarita; 

east-west dextral f a u l t s i n Venezuela no ea r l i e r than Eocene; 

late Cretaceous to mid Eocene vulcanism and geosynclinal deposition 
i n the Greater A n t i l l e s ; 

separation by Middle Americas Trench of the Caribbean from the 

Pacific i n the l a t e Eocene; 



121 

the onset of vulcanism i n the Lesser A n t i l l e s i n the Eocene; 

the possible cessation of vulcanism for the Oligocene and most 

of the Miocene. 

Reconstructions 

Figs. 7.3 to 7.13 show a series of reconstructions of the 

rel a t i v e positions of the continents i n the Caribbean area drawn by 

computer, using a program described i n appendix C7.5 (Maplot) and the 

data of table 7.1. The f i r s t problem encountered i n the reconstruction 

i s the difference i n the position of North America at 8 l my bp 

determined by the pole of Le Pichon and Fox from that determined by the 

pole of Pitman and Talwani. The f l o o r of the Caribbean basin i s 

s l i g h t l y more than 80 my old and unless i t has changed i n size or 

position by a very large amount since then the position of Le Pichon and 

Fox must be preferred to that of Pitman and Talwani as the l a t t e r does 

not allow enough room fo r the Caribbean Basin. The p o s s i b i l i t y of 

large displacements w i l l be discussed again below, but the length of 

subducted lithosphere under the Lesser A n t i l l e s does place l i m i t s on 

t h i s and i t i s probable that t h i s does not exceed 500 km, which i s not 

s u f f i c i e n t to clear the Caribbean Plate from the area. 

Acceptance of the position of Le Pichon and Fox does not invalidate 

the use of the rest of Pitman and Talwanis' analysis, because t h e i r 

other positions are derived independently. I t does, however, make one 

more careful i n the use of the positions when unsupported by other 

evidence, and i t also al t e r s the position of the instantaneous poles for 

the periods either side of 8l my. 



The positions of North America, South America and Africa at 

the beginning of r i f t i n g i n the North Atlantic 180 my bp. 

The positions are after Bullard, Everett and Smith (1965)1 

with that of North America as modified by Le Pichon and Fox 

(1971)- The positions and a l l those i n succeeding diagrams 

are given r e l a t i v e to Africa i n i t s present position. 

The arrow shown leading from a point on the outline of 

Cuba gives the direction and amount of movement required to 

move the point to this position on the following reconstruction. 

The inclusion of the outline of Cuba, and on l a t e r diagrams 

Hispaniola and Puerto Rico, i s for the purpose of making more 

easy comparison of past positions with the present one and 

do not indicate the actual position or existence of the 

islands. 

Position at 160 my bp. A small ocean i s forming i n the North 

At l a n t i c but the nature of the development i n the Caribbean 

area i s uncertain. Shown as a dotted l i n e i s the pre d r i f t 

position of S. America r e l a t i v e to N. America and as a dashed 

l i n e the outline of the Gulf of Mexico r e l a t i v e to S. America 

Dashed-dotted l i n e shows one possible position of the Mid 

Atl a n t i c Ridge and also shown i s a possible transform f a u l t 

position i f spreading i s taking place i n the Gulf of Mexico. 
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P o s i t i o n at 1**0 my bp. At t h i s time the South A t l a n t i c began 

to open and the r i f t system i s connected to the Mid A t l a n t i c 

Ridge by a large transform f a u l t . Transform motion of some 

so r t must be occurring i n the Caribbean region but t h i s may 

be complication by i n t e r a c t i o n with P a c i f i c P l a t e s . Dashed 

l i n e s show the previous p o s i t i o n of the Mid A t l a n t i c Ridge 

r e l a t i v e to America and A f r i c a . 

P o s i t i o n a t 110 my bp. The halfway stage of the e a r l y opening 

of the South A t l a n t i c and transform f a u l t i n g i s the dominant 

mechanism of separation. At t h i s stage some form of ridge 

i n the Caribbean region may have begun to form the present 

Caribbean basin. 
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7.7 P o s i t i o n a t 8 l my bp. The Caribbean b a s i n has f i n i s h e d f o r m i n g 

and t h e l a t e p e r i o d o f opening o f the South A t l a n t i c b e g i n s . 

D e t a i l s o f how a s t a b l e t r i p l e p o i n t might have developed a t 

the p o i n t marked t p are g i v e n i n f i g . 7-1^. 

7.8 P o s i t i o n a t 8 l my bp a c c o r d i n g t o Pitman and Ta l w a n i . North_. 

America i s much c l o s e r t o South America and t h e r e i s not 

enough room f o r the Caribbean b a s i n i n i t s present p o s i t i o n 

r e l a t i v e t o South America. I f t h i s model i s accepted, 

s p r e a d i n g t akes p l a c e i n the Caribbean over the next 18 ray. 
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7*9 P o s i t i o n a t 63 my bp. A subduetion zone may have formed i n 

t h e r e g i o n o f t h e Lesser A n t i l l e s , but the p l a t e motions 

determined d i r e c t l y from the spreading data used do n o t p r o v i d e 

f a v o u r a b l e c o n d i t i o n s f o r i t s continuance. The p o s i t i o n o f 

N o r t h America r e l a t i v e t o South America i s p o s s i b l y t o o f a r 

west. 

7*10 P o s i t i o n a t 53 my bp. The p o s i t i o n s o f t e c t o n i c f e a t u r e s are 

o m i t t e d from t h i s and f o l l o w i n g diagrams because the motions 

determined do n o t appear t o s a t i s f y t he h i s t r o y deduced from 

t h e geology v e r y w e l l . 
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7.11 P o s i t i o n a t 38 my bp 

7.12 P o s i t i o n a t 9 my bp. 



I i 1 I 



7.13 Present p o s i t i o n . 
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7.1*+ Models d e s c r i b i n g t h e p o s s i b l e development o f a s t a b l e t r i p l e 

j u n c t i o n i n the C e n t r a l A t l a n t i c d u r i n g the e a r l y opening o f 

t h e South A t l a n t i c . The i n i t i a l c o n f i g u r a t i o n i s shown a t 

1 and the sequence 2a t o *fa shows the p o s s i b l e development 

i f a s ymmetrical spreading takes p l a c e , the p o s i t i o n o f t h e 

spreading zone b e i n g c o n t r o l l e d by the corner o f the bottom" 

p l a t e . 2b and 3b show a model i n which symmetrical spreading 

t a k e s p l a c e s , but t h i s l e ads t o a space problem and p a r t o f 

t h e bottom p l a t e i s subducted a t s t o keep t h e system 

f u n c t i o n i n g . The pecked l i n e shows the amount of p l a t e 

subducted. T h i s subduetion model seems u n l i k e l y t o occur. 

2c and J>c show a model w i t h symmetrical spreading i n which 

the e x t e n s i o n o f a t r a n s f o r m f a u l t t o the r i d g e d i v i d e s i t 

and a l l o w s the t o p p a r t t o spread f a s t e r than the bottom 

p a r t . The bottom p l a t e has m a t e r i a l added t o i t . A p o s s i b l e 

v a r i a n t o f t h e a models would seem t o be spreading c o n t r o l l e d 

a t i t s southern end by the corner o f the bottom p l a t e b u t 

symmetrical a t i t s n o r t h e r n end. T h i s would mean a c o n s t a n t l y 

changing azimuth o f the spreading zone l e a d i n g e v e n t u a l l y t o 

s i t u a t i o n s o f type b or c. 
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A c c e p t i n g t h e 8 l my p o s i t i o n o f Le Pichon and Fox g i v e s a p e r i o d 

u n t i l 63 my o f l e f t l a t e r a l movement o f Nort h America w i t h r e s p e c t t o 

South America. T h i s i s a s i t u a t i o n i n which model 2 can be expected t o 

operate, b u t appears t o g i v e too much l e f t l a t e r a l movement. The 

pres e n t p o s i t i o n o f the p l a t e s around t he Caribbean i s such t h a t 

N o r t h America i s o n l y 300 km west o f i t s p o s i t i o n r e l a t i v e t o South 

America 8 l my ago whereas the 63 my p o s i t i o n i s 600 km west. T h i s 

i n d i c a t e s e i t h e r t h a t t h e i n t e r m e d i a t e p o s i t i o n s a re i n e r r o r or t h a t 

f o l l o w i n g t h e i n i t i a l s i n i s t r a l movement, d e x t r a l movement has o c c u r r e d . 

The consequences o f d e x t r a l movement are d i f f i c u l t t o guess, b u t 

t h e r e would have had t o have been d e x t r a l movement alon g t h e southern 

boundary o f the Caribbean or reverse movement along a l l the f a u l t s 

i n v o l v e d i n the p r e v i o u s phase. T h i s l a t t e r would have a p p a r e n t l y 

i n c l u d e d r e v e r s e motion o f the subduction zone, which i s h a r d l y v e r y 

l i k e l y , b ut some r e v e r s a l o f the t e c t o n i c s i n the area may have been 

r e s p o n s i b l e f o r a s t e p p i n g back o f the s i t e o f subdu c t i o n from where i t 

had been g i v i n g r i s e t o the vulcanism f o r m i n g t h e Aves S w e l l , t o i t s 

p r e s e n t p o s i t i o n g i v i n g vulcanism i n t h e Lesser A n t i l l e s . The Aves 

S w e l l i s o l d e r than t he Lesser A n t i l l e s ; the youngest age o b t a i n e d by 

i s o t o p i c d a t i n g from a r o c k dredged from i t i s 37 my (Fox and o t h e r s , 

1971)• The s u i t e o f rocks taken from i t so f a r seem t o i n d i c a t e 

c a l c - a l k a l i n e v u l c a n i c i t y -

I t i s e q u a l l y p o s s i b l e t h a t d e x t r a l movement d i d n o t take p l a c e and 

t h a t t he p o s i t i o n s are i n e r r o r due t o a m b i g u i t y i n the f i t t i n g process 

used by Pitman and Talwani and the i n v a l i d i t y o f assuming a co n s t a n t 

d i r e c t i o n o f r o t a t i o n f o r t h e South A t l a n t i c over t h e p e r i o d 8 l t o 9 my. 
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Anomaly 13 (38 my) i s one o f t h e best d e f i n e d anomalies used by Pitman 

and Talwani whereas anomalies 21 (33 my) and 23 (63 my) are d i f f i c u l t t o 

c o r r e l a t e . Although t h e amount o f s i n i s t r a l movement p r e d i c t e d by t h e 

model may n o t be as much as t h a t shown f o r 63 my, t h a t o b t a i n e d f o r 38 my 

should have o c c u r r e d i f the model i s r i g h t , and s t i l l needs d e x t r a l 

m o t i o n t o r e s o l v e i t w i t h i t s p r e s e n t p o s i t i o n . I f no d e x t r a l movement 

occur r e d then the e r r o r i s l i k e l y t o be due t o an e r r o r i n the p o s i t i o n 

o f South America. I f t h e p o s i t i o n o f South America was f u r t h e r west a t 

8 l my than g i v e n by Le Pichon and Hayes, t h e i r t emporal d e f i n i t i o n i s 

n o t as good i n t h e South A t l a n t i c as i n the N o r t h A t l a n t i c , t h e n these 

d i s c r e p a n c i e s can p r o b a b l y be accounted f o r and the p e r i o d from 38 t o 

9 my i n s t e a d o f b e i n g one o f d e x t r a l movement between N o r t h and South 

America i s one o f no r e l a t i v e movement. 

From t h e r e c o n s t r u c t i o n s p r i o r t o 8 l my the f o l l o w i n g p o i n t s emerge. 

F i r s t l y , t h e Caribbean Basin must have been t h e l a s t t o e v o l v e , w i t h 

the G u l f of Mexico and Yucatan Basin f o r m i n g b e f o r e i t . The manner o f 

f o r m a t i o n o f these basins i s p r o b l e m a t i c a l , even though the cause i s 

c l e a r l y the s e p a r a t i o n o f N o r t h America from South America. There i s no 

c l e a r evidence o f the f o r m a t i o n o f ocean c r u s t a t a mid ocean r i d g e , w i t h 

a l a c k o f l i n e a r magnetic anomaly p a t t e r n s , which may be because t h e 

c r u s t was formed d u r i n g one o f the l o n g p e r i o d s o f s i n g l e p o l a r i t y d u r i n g 

the Cretaceous ( I r v i n g and C o u i l l a r d , 1973)* There are a l s o no 

b a t h y m e t r i c f e a t u r e s t h a t might be i n t e r p r e t e d as a r i d g e . From t h e 

dates o f the oceanic basement o b t a i n e d by JOIDES l e g V I (Edgar and 

o t h e r s , 1972) the Caribbean b a s i n appears t o young towards i t s n o r t h w e s t e r n 

margin, r a t h e r than i t s c e n t r e . I f t h e r e was a mid ocean r i d g e s t r u c t u r e 

i n t he Caribbean area t h e r e should be a t r i p l e j u n c t i o n w i t h t h e Mid 
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A t l a n t i c Ridge o f an age o l d e r t h a n 80 my p r e s e n t somewhere i n the area, 
unless i t has been subducted. 

The s t r u c t u r e o f the b a s i n f l o o r though o f an oceanic type i s 

n o t l i k e t h a t o f most oceans, w i t h l a y e r s o f v e l o c i t y 6.2 and 7-4 km 

s " 1 i n s t e a d o f one o f v e l o c i t y 6.8 km s " 1 as i n t h e N o r t h A t l a n t i c . I t 

i s s i m i l a r i n form t o t h e m a r g i n a l b a s i n s behind some o f t h e western 

P a c i f i c i s l a n d a r c s . I t has been proposed t h a t the Caribbean i s a 

fragment o f o l d e r P a c i f i c ocean f l o o r t h r u s t eastward (Edgar, 1971) b u t 

i t s age makes t h i s most u n l i k e l y and t h e r e i s no apparent reason why t h e 

P a c i f i c s hould have had such an unusual l a y e r e d s t r u c t u r e . 

A second p o i n t a r i s i n g from the r e c o n s t r u c t i o n s i s t h a t the 

A t l a n t i c Ocean f l o o r i n the v i c i n i t y o f t h e Lesser A n t i l l e s must be o f 

a c o n s i d e r a b l e age, p a r t i c u l a r l y o f f t h e coast o f Guiana, because i t was 

formed i n t h e f i r s t p e r i o d o f s e p a r a t i o n o f N o r t h America from South 

America. 

The L e f t L a t e r a l o f f s e t h y p o t h e s i s (Model 2) 

Most o f the l e f t l a t e r a l movement (2000 km) and s e p a r a t i o n invoked 

by B a l l and H a r r i s o n (1969? 1971) f o r t h e f o r m a t i o n o f t h e Caribbean and 

the Lesser A n t i l l e s o c c u r r e d b e f o r e 8 l my bp, w e l l b e f o r e the Lesser 

A n t i l l e s were formed. B a l l and H a r r i s o n based t h e i r i d e a on a paper by 

F u n n e l l and Smith (1969) which shows N o r t h and South America i n 

successive stages o f d r i f t from A f r i c a , b u t t h i s paper by u s i n g the 

f i n i t e r o t a t i o n p o l e s o f B u l l a r d , E v e r e t t and Smith (1965) n e g l e c t s t h e 

e f f e c t o f d i f f e r e n t i n s t a n t a n e o u s p o l e s . A t t e n t i o n i s a l s o d i v e r t e d from 

t h e e f f e c t o f t h e d i f f e r e n t ages o f opening o f t h e N o r t h and South 
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A t l a n t i c . B a l l ' s and H a r r i s o n ' s i d e a , which i s e s s e n t i a l l y t h a t o f 

model 2, a l t h o u g h somewhat misconceived, must be taken s e r i o u s l y when 

c o n s i d e r i n g t h e 300 km or more post 8 l my s i n i s t r a l o f f s e t . 

Transform f a u l t s s e p a r a t i n g N o r t h and South American P l a t e s must 

l i e on s m a l l c i r c l e s t o the p o l e o f r e l a t i v e r o t a t i o n between t h e two 

p l a t e s . B a l l and H a r r i s o n i m p l i c i t l y assumed t h a t t h e p o l e s f o r t h e 

N o r t h and South A t l a n t i c were c o i n c i d e n t s i n c e t h e y propose t r a n s f o r m 

f a u l t s which l i e on t h e same s m a l l c i r c l e s as those o f f s e t t i n g t h e 

Mid A t l a n t i c Ridge, though t h e spreading i n the N o r t h A t l a n t i c i s 

f a s t e r t h an t h a t i n the South A t l a n t i c , hence g i v i n g the d i f f e r e n t i a l 

movement. Fr e e l a n d and D i e t z (1971) propose a s i m i l a r s i t u a t i o n b u t 

w i t h a p o l e o f r e l a t i v e r o t a t i o n between N o r t h and South America 

d i f f e r e n t from t h a t o f the N o r t h A t l a n t i c , y e t t h e t r a n s f o r m f a u l t shown 

by them t o connect t h e southern end o f t h e Lesser A n t i l l e s t o t h e Mid 

A t l a n t i c Ridge does not l i e on a s m a l l c i r c l e t o t h e i r p o l e o f r e l a t i v e 

r o t a t i o n , i n v a l i d a t i n g t h e i r model as shown. 

P o s s i b l e t r i p l e j u n c t i o n s i n the C e n t r a l A t l a n t i c 

An i m p o r t a n t p a r t o f t h e r e c o n s t r u c t i o n s o f t h e model 2 t y p e i s 

t h e j u n c t i o n between the N o r t h America/South America boundary t r a n s f o r m 

f a u l t and t h e Mid A t l a n t i c Ridge system. T h i s t r i p l e j u n c t i o n can 

i n i t i a t e as a r i d g e : ridge'.transform or a t r a n s f o r m : r i d g e : t r a n s f o r m , b u t 

t h e former i s u n s t a b l e (McKenzie and Morgan, I969) and must evolve i n t o 

a r i d g e : r i d g e : r i d g e form or the t r a n s f o r m : r i d g e : t r a n s f o r m , and t h i s 

l a t t e r c o n f i g u r a t i o n i s i t s e l f u n s t a b l e except i n two cases. These 

cases are when the p o l e s t o the t r a n s f o r m f a u l t s are c o i n c i d e n t 
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or when the p o l e s are separate but g i v e s m a l l c i r c l e s w i t h t h e same 

azimuth a t t h e t r i p l e j u n c t i o n ( i . e . when t h e t r i p l e j u n c t i o n and the 

two p o l e s l i e on the same g r e a t c i r c l e ) . I n a l l o t h e r cases t h e 

t r i p l e j u n c t i o n evolves i n t o a m o d i f i e d r i d g e : r i d g e : r i d g e s i t u a t i o n , 

and an example of t h i s form o f e v o l u t i o n r e l e v a n t t o t h e case b e i n g 

considered i s shown i n f i g . 7-15- As spreading proceeds a f t e r t h e 

i n i t i a t i o n o f the new t r a n s f o r m f a u l t t h e p o s i t i o n o f the i n i t i a l 

t r i p l e p o i n t m i g r a t e s away from t he spreading a x i s and a t h i n zone o f 

spreading develops t o keep the system o p e r a t i v e by c o n n e c t i n g t he 

t r a n s f o r m f a u l t t o the main spreading r i d g e . No f e a t u r e s o f t h i s k i n d 

have a c t u a l l y been d e s c r i b e d i n t h e v i c i n i t y o f t h e Mid A t l a n t i c Ridge, 

b u t t h i s i s n o t s u r p r i s i n g s i n c e magnetic z o n a t i o n s produced by t h e 

t h i n s p r eading zone would p r o b a b l y be t o o f i n e t o be observed from t h e 

sea s u r f a c e and a l s o v e r y few surveys have been made i n s u f f i c i e n t d e t a i l 

t o d e t e c t any f e a t u r e s t h a t c o u l d be formed i n t h i s s i t u a t i o n . Some 

o f t h e v e r y wide t r e n c h f e a t u r e s a s s o c i a t e d w i t h t r a n s f o r m f a u l t s on t h e 

Mid A t l a n t i c Ridge c o u l d have been due t o a t h i n s p r eading zone. 

I f l e f t l a t e r a l motion has oc c u r r e d between t h e N o r t h and South 

American P l a t e s then t h e o f f s e t s on t h e Mid A t l a n t i c Ridge s h o u l d have 

i n c r e a s e d w i t h t i m e . Examination o f the magnetic anomaly p a t t e r n east o f 

the Mid A t l a n t i c Ridge would show t h i s most c l e a r l y , but the r e g i o n has 

no t been surveyed i n enough d e t a i l t o d e l i n e a t e i t . The magnetic 

anomaly p a t t e r n west o f the r i d g e should a l s o show whether t h e o f f s e t t i n g 

has t a k e n p l a c e , because, as f i g . 7*15 i l l u s t r a t e s , t h e amount o f o f f s e t 

s h o u l d i n c r e a s e away from t h e r i d g e . Examination o f t h e magnetic anomaly 

p a t t e r n mapped by G. Pete r and o t h e r s i n t h i s r e g i o n ( p e r s o n a l communication) 

does not show t h i s . The r e g i o n mapped does n o t , however, extend f a r enough 



7.15 The e v o l u t i o n o f a t r i p l e j u n c t i o n t h a t would a l l o w r e l a t i v e 

s t r i k e s l i p movement between the Nor t h and South American 

P l a t e s . I t i s l i k e l y t h a t t h e f a u l t would be i n i t i a t e d a t 

a p r e x i s t i n g o f f s e t o f the r i d g e and the s i t u a t i o n a t the 

i n i t i a t i o n o f t h e f a u l t i s shown a t 1 . The azimuths o f the 

o f f s e t s are due t o t h e preceeding p l a t e m otion. The new 

azimuths w i l l f o l l o w t h e new r e l a t i v e r o t a t i o n s which are 

shown i n t h e v e c t o r diagram V- The e v o l u t i o n o f t h e system 

i s shown from 2 t o 6* The p o s i t i o n o f t h e i n i t i a l t r i p l e 

p o i n t on the South American P l a t e m i g r a t e s westward w i t h 

r e s p e c t t o the r i d g e . The t r a n s f o r m f a u l t i s connected 

t o t he r i d g e by a narrow spreading zone and the SA/AF r i d g e 

t r a n s f o r m i s a l s o r e p l a c e d by a t h i n spreading zone making 

the t r i p l e j u n c t i o n a s t a b l e r i d g e : r i d g e : r i d g e t y p e . I n 

p r a c t i c e i t seems l i k e l y t h a t t he t h i n spreading zone 

might be m o d i f i e d by s t r i k e s l i p f a u l t i n g . The t r a n s f o r m 

f a u l t i n c r e a s e s the o f f s e t s west o f t h e r i d g e as demonstrated 

a t 6 . a i s t h e o r i g i n a l o f f s e t o f t h e r i d g e , b i s t h e present 

o f f s e t o f the r i d g e , and c i s the o f f s e t o f t h e western p a r t s 

o f t h e o r i g i n a l r i d g e across t h e t r a n s f o r m f a u l t . 
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south t o cover t h e p o s i t i o n o f the t r a n s f o r m f a u l t t h a t would connect 

w i t h the southern end o f the Lesser A n t i l l e s . 

A c c e p t i n g t h a t some o f f s e t may have taken p l a c e l e a d s t o the 

q u e s t i o n o f a t what time t h e the t r a n s f o r m f a u l t was o p e r a t i v e . The 

c o n d i t i o n s o f a s i m i l a r azimuth o f t r a n s f o r m f a u l t s a t t h e t r i p l e 

j u n c t i o n seems l i k e l y t o have been most n e a r l y s a t i s f i e d i n t h e p e r i o d 

from 8 l t o 63 my bp. The data o f P e t e r and o t h e r s shows a marked change 

i n t r e n d o f f r a c t u r e zones around anomaly 20, (^9 my)»and t h a t from 

anomaly 13 (38 my) t o the present t h e r e has been l i t t l e v a r i a t i o n i n 

t r e n d . The bathymetry does show w e l l d e f i n e d trenches t h a t r u n i n t o the 

r i d g e from t h e west but t e r m i n a t e a t anomaly 5 b e f o r e r e a c h i n g the r i d g e 

T h i s l a s t f e a t u r e , which presumably r e f l e c t s a change i n spreading 

regime, a l s o occurs on t h e East P a c i f i c R i s e . The evidence does f a v o u r 

an e a r l y r a t h e r than l a t e p e r i o d o f s i n i s t r a l shear, which i s reasonable 

because t h e s h o r t e r d i s t a n c e over which the t r a n s f o r m f a u l t would have 

had t o operate would have made i t e a s i e r t o i n i t i a t e and accommodate 

changes i n the r e l a t i v e movement o f the p l a t e s e i t h e r s i d e . F e a t u r e s 

such as the Barracuda Ridge may he deformed f r a c t u r e zones. 

D i s c u s s i o n o f t h e r e l a t i v e movements between N o r t h and South 

America a l t h o u g h r e l e v a n t t o model 2 does not bear d i r e c t l y on model 1 

and i t i s w o r t h c o n s i d e r i n g a t t h i s stage how much o f the g e o l o g i c a l h i s t o r y 

can be s a t i s f i e d by the models. While i t can be seen t h a t t h e 

r e l a t i v e motion o f N o r t h and South America can have g i v e n c o n d i t i o n s 

l i k e l y t o cause u n d e r t h r u s t i n g i n the Lesser A n t i l l e s a t some time from 

the l a t e Cretaceous t o the Eocene, the necessary motions r e q u i r e d t o 

produce u n d e r t h r u s t i n g o f Venezuela i n the l a t e Cretaceous, and the Late 
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Cretaceous to mid Eocene vulcanism of the Greater A n t i l l e s have not been 

determined. To produce the l a t t e r i t i s easy to invoke a v a r i a n t of 

model 1 , as do Malfait and Dinkleman ( 1 9 7 2 ) . The former i s not so easy 

to accommodate. The l a t e Cretaceous model of Malfait and Dinkleman 

does not explain t h i s s a t i s f a c t o r i l y , and i s a c t u a l l y unworkable as 

shown. For t h i s underthrusting to have occurred, there must have been 

convergence between North and South America i n the l a t e Cretaceous. ( I t 

i s assumed i n t h i s d i s c u s s i o n that mid ocean ri d g e s are a consequence and 

not a cause of spreading, so that seafloor spreading i n the Caribbean w i l l 

not produce underthrusting i n Venezuela). T h i s reintroduces the c r i t i c a l 

subject of the r e l a t i v e separations of North and South America. 

Palaeomagnetic evidence 

The separation of North and South America shown by Smith, Briden and 

Drewry (1972) for the Cretaceous ( f i g . 7-16) i s much greater than that i n 

any of the reconstructions considered so f a r . T h i s separation diminishes 

to i t s present s i z e by the T e r t i a r y and only a r e l a t i v e l y small amount of 

l e f t l a t e r a l shear i s required to transform the T e r t i a r y p o s i t i o n to the 

present one. MacDonald and Opdyke ( 1 9 7 2 ) , who include i n t h e i r a n a l y s i s 

the r e s u l t s of Vincenz (1971) and Fink and Harrison ( 1 9 7 1 ) , considered 

the Cretaceous pole p o s i t i o n s from s i t e s around the Caribbean P l a t e . 

Their reconstructed p o s i t i o n shows North and South America almost as 

close together as i n t h e i r p r e - d r i f t p o s i t i o n , ( f i g . 7 . 1 9 ) . The 

reconstruction i s for the Late Cretaceous whereas that of Smith and others 

i s for the e a r l y Cretaceous which i s the main reason f or the d i f f e r e n c e 

between them, but MacDonald's and Opdykes' p o s i t i o n f or the South 

American Continent i s much f u r t h e r north than any of the p o s i t i o n s of 



7 .16 The Cretaceous r e c o n s t r u c t i o n o f the A t l a n t i c from Smith, 

B r i d e n and Drewry ( 1971 ) -

7 .17 The T e r t i a r y r e c o n s t r u c t i o n o f the A t l a n t i c from Smith, B r i d e n 

and Drewry ( 1 9 7 1 ) . 



/ / £2 r 0 7, 
t 

N 

L \ I 

i i / / / <5 / / / 

i 

/ 

i 

5 



129 

Smith and others and i s further north than i t s present p o s i t i o n . The 

p o s i t i o n s of the circum Caribbean poles show quite a spread ( f i g . 7 - l 8 ) 

and they may be due to r o t a t i o n a l deformation of the Caribbean P l a t e 

boundaries rather than wholesale r o t a t i o n of the whole p l a t e . I n e i t h e r 

i n t e r p r e t a t i o n , however, the evidence of MacDonald and Opdyke im p l i e s 

motion of model 1 between l a t e Cretaceous and e a r l y T e r t i a r y times. 

R e l a t i o n of Caribbean features to t e c t o n i c phases 

Can some of the transform f a u l t feature i n the Caribbean area be 

r e l a t e d to any of the stages of development as hypothesised from the 

A t l a n t i c spreading data? The poles of 'rotation' to various f e a t u r e s 

are given i n table 7 . 2 and these were rotated through the f i n i t e 

r o t a t i o n s given i n table 7*1 to see i f they f e l l near any of instantaneous 

poles. The r e s u l t s of t h i s e x e r c i s e were disappointing i n that none of 

the p o s i t i o n s were s u f f i c i e n t l y coincident to be worth considering. 

T h i s may be j u s t a function of poor data or i t may be because motion of 

model 1 type was predominant. I n the case of the Cayman Trough i t does 

seem to i n d i c a t e that i t s present form i s a r e s u l t of the most recent 

tecto n i c phase, although a feature of some kind has been there s i n c e Late 

Cretaceous (Khudoley and Meyerhoff, 1 9 7 1 ) . 

Table 7 .2 

Feature Pole giving best small c i r c l e f i t . 

Cayman Trough 2 3 . 3 S 72 .0 W 

E l P i l a r F a u l t 7 3 . 3 N 79 .3 W 

Barracuda Ridge 3 6 . 0 N 3 2 . 7 W 



7 - l 8 Cretaceous circum Caribbean pole p o s i t i o n s from MacDonald 

and Opdyke ( 1 9 7 2 ) . 

7 « 1 9 Late Cretaceous r e c o n s t r u c t i o n of the Caribbean area from 

MacDonald and Opdyke ( 1 9 7 2 ) . 



Caribbean Cretaceous paleomagnetic 
pole positions compared with those of North 
and South America. Paleomagnetic poles are 
shown by closed circles, and the corresponding 
sites are shown by plus signs. Numbers refer to 
sites in Table 5. Paleomagnetic poles of circum-
Caribbean sites (7-13) are greatly displaced from 
those for North and South America (1 and 2) . 
Circum-Caribbean sites give paleomagnetic poles 
forming a rough arc around the Caribbean at 
a distance of 80°~90° Th i s configuration suggests 
Cretaceous and younger tectonic rotations of the 
circum-Caribbean sites and Cretaceous latitudes 
between 0° and 10° for these sites. Equal-area 
projection. 

A paleotectonic reconstruction of the 
Americas based on Cretaceous paleolatitudes 
(Table 5) . T h e poles of Larochelle [19681 and oi 
Creer [19621 for North and South America, re­
spectively, have been superimposed on those for 
Guaj ira , Jamaica, and Puerto Rico (see text). 
T h e slanted shading indicates the latitude rang< 
thought to have been occupied by the Greater 
Antilles in Cretaceous times. T h e three plus sign-
off western South America represent, from south 
to north, the latitudinal positions of the Guajira 
peninsula, Jamaica, and Puerto Rico in Creta­
ceous times. I n this reconstruction there is no 
control on relative longitudes. Equal-area projec­
tion with center marked by large plus sign. 
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Concluding Summary 

No attempt w i l l be made here t o p r o v i d e a s y n t h e s i s o f the 

t e c t o n i c h i s t o r y o f the Caribbean area. I t would undoubtedly s u f f e r 

the f a t e o f most p r e v i o u s syntheses by b e i n g c o n s i d e r a b l y i n e r r o r , 

because o f l a c k o f s u f f i c i e n t d a ta. Some o f the more s a l i e n t f e a t u r e s 

emerging from t h i s a p p r a i s a l o f p r e s e n t l y a v a i l a b l e data are w o r t h 

r e i t e r a t i n g f o r t h e i r s i g n i f i c a n c e i n re s p e c t o f the f o r m a t i o n o f t h e 

Lesser A n t i l l e s . 

Since i t s f o r m a t i o n 80 my ago the Caribbean P l a t e has a c t e d r a t h e r 

l i k e a b e a r i n g between the N o r t h and South American P l a t e s , p r o b a b l y 

changing i t s shape s l i g h t l y as i t s margins were deformed. D u r i n g i t s 

h i s t o r y t h e r e appear t o have been a t l e a s t t h r e e major changes i n t h e 

p l a t e t e c t o n i c regime a f f e c t i n g t he area a t 80 , hO and 9 my bp. Around 

*f0 my bp t h e Middle Americas Trench c u t o f f the Caribbean from t h e P a c i f i c 

( M a l f a i t and Dinkleman, 1972) and t h i s may have been r e l a t e d t o t h e 

c r e a t i o n o f the Galapagos Gore (Holden and D i e t z , 1 9 7 2 ) . I t seems t h a t 

f o l l o w i n g t h i s change t h e r e was a g r a d u a l c e s s a t i o n o f a c t i v i t y i n t h e 

Lesser A n t i l l e s . There i s evidence f o r some vulcanism e a r l y i n the 

Oligocene. About 9 my ago Vulcanism r e s t a r t e d i n the Lesser A n t i l l e s , 

a l o n g a s l i g h t l y d i f f e r e n t l o c a t i o n i n the n o r t h o f t h e a r c . The 

r e l a t i o n s h i p between t h e e a r l y vulcanism i n the Lesser A n t i l l e s which 

p r o b a b l y s t a r t e d about k3 my bp and t h e 80 my p l a t e regime change i s n o t 

immediate and t h e r e may be two reasons f o r t h i s . F i r s t l y , t h e c a l c -

a l k a l i n e vulcanism o f i s l a n d a r c s i s thought t o be caused by t h e 

i n t r o d u c t i o n o f m e l t s and/or water r e l e a s e d from hydrous m i n e r a l s , from 

the oceanic c r u s t o f the subducted p l a t e i n t o the mantle above i t . T h i s 
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r e l e a s e o f m a t e r i a l takes p l a c e a t about 120 km depth and i n the case o f 

the Lesser A n t i l l e s t h e p l a t e a t a r a t e o f 1 cm y ^ needs t o have been 

subducted f o r 20 my b e f o r e vulcanism would have o c c u r r e d . Secondly, 

subdu c t i o n may have produced vulcanism i n i t i a l l y a l o n g t h e Aves S w e l l 

and o n l y l a t e r stepped back t o t h e Lesser A n t i l l e s . 

A p o i n t t h a t needs c o n s i d e r a t i o n i s why subdu c t i o n should s t a r t a t 

any p a r t i c u l a r p l a c e . Presumably t h e presence o f some d i s c o n t i n u i t y o r 

inhomogeneity w i l l i n i t i a t e i t and i t seems t h a t t h e n o r t h e a s t c o r n e r 

o f South America c o u l d v e r y w e l l have p r o v i d e d a s t a r t i n g p o i n t f o r 

subduc t i o n b e i n g the f i r s t p l a c e a t which oceanic r a t h e r than c o n t i n e n t a l 

l i t h o s p h e r e c o u l d be u n d e r t h r u s t . I f t h i s were so then r e l a t i v e 

permanence o f the p o s i t i o n o f the subdu c t i o n zone would f a v o u r model 2 

as the dominant p l a t e motion. I t appears t h a t t he subducted l i t h o s p h e r e 

beneath t h e Lesser A n t i l l e s does n o t reach the T r a n s i t i o n Zone o f the 

mantle. ( T h i s i s deduced from t h e p o s s i b l e t h e r m a l e f f e c t o f the 

descending s l a b and r e s u l t i n g g r a v i t y anomaly, discussed i n chapter 3 ) -

The Lesser A n t i l l e s s u b d u c t i o n zone cannot have m i g r a t e d more t h a n 

300 km i f t h i s i s so and i f t h e amount o f c r u s t subducted i n the l a s t 

9 my i s i n t h e range 30 t o 100 km then t h e s u b d u c t i o n r a t e d u r i n g t h e 

p e r i o d 80 t o ^0 my bp would have been about 1 cm y"^" or perhaps t w i c e 

t h a t i f t h e r e was a l s o s u b d u c t i o n beneath t h e Aves S w e l l . P i n e t (1972) 

has e s t i m a t e d the movement on the Cayman Trough-Motagua f a u l t t o be 

300 - 1000 km. 

The most c r i t i c a l area f o r d e c i d i n g on t h e v a l i d i t y o f models 1 and 

2 i s t h e southern boundary o f the Caribbean where t h e apparent absence 

o f movement g r e a t e r t h a n 30 km f a v o u r s model 2 as t h e dominant one, 



132 

e s p e c i a l l y u n t i l mid Eocene when the east-west f a u l t s were f i r s t 

a c t i v a t e d , yet the transform f a u l t necessary for t h i s model, running 

i n from the east to the southern end of the a r c , has s t i l l to be shown 

to e x i s t . The palaeo magnetic evidence and ge o l o g i c a l h i s t o r y of the 

Greater A n t i l l e s , however, appear to require model 1 motion from l a t e 

Cretaceous to Mid Eocene times. How these apparently c o n f l i c t i n g 

l i n e s of evidence may f i n a l l y resolve, the w r i t e r i s s t i l l unsure. 

I t may be that some processes of l i t h o s p h e r i c formation of the type 

considered by Karig (1971) and Moberly (1972) to have produced the 

marginal basins i n the western P a c i f i c , have played an important part 

i n the development of the Caribbean. 

The a n a l y s i s does show that some amount of s i n i s t r a l shear between 

the North and South American p l a t e s has a f f e c t e d the Caribbean and that 

the amount of shear i s about 300 km. Most of t h i s shear may have 

occurred i n Eocene Times. The Caribbean p l a t e has a l s o moved semi-

independent l y of the two major American p l a t e s but i s u n l i k e l y to have 

moved f a r enough to be derived from the P a c i f i c . 
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Chapter 8 

T e c t o n i c s and h i s t o r y o f t h e area: g e n e r a l c o n c l u s i o n s 

The major f a c t o r i n f l u e n c i n g the t e c t o n i c development o f the 

r e g i o n east o f the Lesser A n t i l l e s has been t h e s u b d u c t i o n o f the 

western A t l a n t i c l i t h o s p h e r i c p l a t e beneath t h e Caribbean p l a t e . 

I n some o f t h e p r e c e d i n g c h a p t e r s t h i s has been assumed, but the 

evidence w a r r a n t s t h i s assumption i f " p l a t e t e c t o n i c s " i s a v a l i d 

concept. The w e l l d e f i n e d i n c l i n e d zone o f earthquakes, the 

p r o d u c t i o n of a c h a i n of c a l c - a l k a l i n e v o l c a n i c i s l a n d s and the 

presence o f a t r e n c h or b u r i e d t r e n c h a l l c o n f i r m t h i s view. 

The mechanism o f f o r m a t i o n o f the sediment p i l e o f the Barbados r e g i o n , 

by s u b d u c t i o n 

The f o r m a t i o n o f the Barbados Ridge and Slope i s d i r e c t l y r e l a t e d 

t o t h e subduction process, s i t u a t e d as i t i s over t h e s i t e o f s u b d u c t i o n 

The slope from the r i d g e t o the A t l a n t i c ocean f l o o r i s the r e g i o n 

o f accumulation o f sediment t e c t o n i c a l l y d e r i v e d from the subducted 

p l a t e . Chase and Bunce (I969) have drawn an analogy between t h i s 

s i t u a t i o n and the sandbox experiment o f Hubbert, which by l a t e r a l 

compression l a y e r s o f sand produces t h r u s t s i n them w i t h a 

c h a r a c t e r i s t i c d i p o f 30°. The m a t t e r o f the i d e n t i f i c a t i o n o f 

r e f l e c t o r s i n the sediments which might be these t h r u s t s was 

discussed i n chapter km The s i t u a t i o n h e re, however, i s not s t r i c t l y 

one o f l a t e r a l compression. The moving s u r f a c e o f t h e oceanic c r u s t 

i s p a r a l l e l t o the sediment l a y e r s and c a r r i e s them p a s s i v e l y a l o n g . 

Resistance t o t h e sediments i s g r e a t e s t a t the p o i n t o f s u b d u c t i o n and 

t h e r e decollement must occur between the sediments and the basement, 
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accompanied by s u b s i d i a r y t h r u s t s and f o l d s a l l o w i n g t he m a t e r i a l 

t o be e l e v a t e d . T h i s decollement w i t h c o n t i n u e d movement i n c r e a s e s 

the s t r e s s a p p l i e d t o t h e sediments f u r t h e r away from t h e s u b d u c t i o n 

p o i n t so t h a t the decollement extends away from t he subduction zone 

as t h e y i e l d s t r e n g t h i s exceeded. I t i s l i k e l y t h a t i n t h e sediements 

f a i l u r e w i l l occur a l o n g bedding planes which p r e s e n t d i s c o n t i n u i t i e s 

s u b p a r a l l e l t o t h e probable d i r e c t i o n o f maximum s h e a r i n g s t r e s s . To 

accommodate the e x t r a amount of m a t e r i a l brought i n t o the p i l e 

o v e r t h r u s t s must develop l e a d i n g away from the decollement plane 

towards t h e s u r f a c e . The outermost o f these low angle t h r u s t s w i l l be 

t h e boundary between the d i s t u r b e d sediments i n sedimentary p i l e o f 

the Barbados Ridge and Slope, and the u n d i s t u r b e d sediments o f t h e 

A t l a n t i c Ocean f l o o r . T h i s means t h a t a t the p o i n t o f i n i t i a l 

d e f o r m a t i o n t he d i s t u r b e d sediments w i l l o v e r l a p u n d i s t u r b e d sediments. 

T h i s appears t o be the case a t t h e f o o t o f t h e Barbados Slope ( f i g s . 

k.9 and k.10). 

The c o n t i n u a l a d d i t i o n o f sediment t o t h e oceanward base o f t h e 

sedimentary p i l e would have t h e e f f e c t o f r a i s i n g t h e o v e r l y i n g 

sediments and t i l t i n g them back towards t h e west. T h i s would account 

f o r the prevalence o f w e s t e r l y d i p p i n g r e f l e c t o r s i n Barbados Slope 

r e g i o n . There must be a l i m i t t o how f a r any one b l o c k o f sediment can 

be r a i s e d up a l o n g an o v e r t h r u s t w i t h o u t t h e s t r e s s needed t o r a i s e 

i t f u r t h e r exceeding t h a t needed t o cause a new decollement and o v e r t h r u s t 

and because o f t h i s t h e zone o f def o r m a t i o n w i l l m i g r a t e eastwards. 

The m i g r a t i o n o f pore f l u i d s under p r e s s u r e p r o b a b l y a i d t h i s process, 

as i n o t h e r , w e l l documented, cases o f o v e r t h r u s t sequences i n 

sedimentary r o c k s (Rubey and Hubbert, 1 9 5 9 ) . With t h e e x c e p t i o n o f 

th e sediments t h a t are d e p o s i t e d d i r e c t l y on t o t h e slope r e g i o n , t h e 
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sediments i n i t must young towards the east, a l t h o u g h i n any 

p a r t i c u l a r s e c t i o n o f i t between major d i s c o n t i n u i t i e s they young 

towards the t o p . Summarising b r i e f l y , t he slope r e g i o n i s composed 

o f many superimposed, o v e r l a p p i n g segments o f sediment, d i p p i n g t o 

t h e west and b e i n g c o n t i n u a l l y added t o a t t h e i r e a s t e r n base 

( f i g . 8 . 1 ) . 

The U p l i f t of the Barbados Ridge 

The Barbados Ridge i n i t s present form appears t o be something 

more than j u s t the end r e s u l t o f the process o u t l i n e d above. The 

amount o f u p l i f t ( a t l e a s t 5 km) t h a t i t has undergone s i n c e about 

P l i o c e n e times i s d i f f i c u l t t o e x p l a i n e a s i l y as i t i s p r o b a b l y no 

l o n g e r i n the zone o f s i g n i f i c a n t sediment a d d i t i o n . Bowin (1972) 

has e x p l a i n e d the f o r m a t i o n o f the r i d g e by a decrease i n t h e volume 

o f the t r e n c h i n which t h e sediments l i e . T h i s i n i t s e l f sounds 

p l a u s i b l e , and Bowin a s c r i b e s the volume decrease t o t e c t o n i c 

compression o f t h e t r e n c h by eastward movement o f t h e Caribbean P l a t e , 

o v e r r i d i n g t h e s u b d u c t i n g A t l a n t i c P l a t e . For t h i s mechanism t o 

produce a n y t h i n g o t h e r than f a s t e r s ubduction, the edge of the 

Caribbean p l a t e i n b e i n g t h r u s t over t h e A t l a n t i c p l a t e must be r a i s e d 

above i t s former p o s i t i o n . T h i s would need a c o n s t a n t f o r c e t o 

p r e v e n t i t r e v e r t i n g t o i t s p r e v i o u s s t a t e , and would be i s o s t a t i c a l l y 

imbalanced, p r o d u c i n g a l a r g e p o s i t i v e g r a v i t y anomaly. There i s , 

however, an o v e r a l l n e g a t i v e anomaly i n t h e area, as shown i n chapter 

5. I t i s d i f f i c u l t t o see why an i n c r e a s e i n t h e r a t e o f r e l a t i v e 

eastward motion o f the Caribbean should produce o v e r r r i d i n g as 

suggested by Bowin r a t h e r t h a n f a s t e r s u b d u c t i o n . Resistance t o 

p l a t e motion i n t h e mantle and t h e mechanisms o f p l a t e m o t i on and 



A s y n t h e t i c c r o s s - s e c t i o n across the Lesser A n t i l l e s and t h e 

Barbados Ridge, summarising t h e g e o p h y s i c a l i n t e r p r e t a t i o n s . 

1 . Low d e n s i t y u n c o n s o l i d a t e d and s e m i - c o n s o l i d a t e d sediments. 

2. C o n s o l i d a t e d sediments and those deformed by s u b d u c t i o n . 

3- V o l c a n i c and p l u t o n i c r o c k s o f the i s l a n d f o r m i n g v o l c a n i c 

p i l e s . 

*f. P l u t o n i c igneous rocks of the oceanic c r u s t and t h e deep r o o t 

o f t h e i s l a n d a r c . 
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s u b d u c t i o n are i m p o r t a n t f a c t o r s , b u t as t h e i r exact n a t u r e i s a t 

present unknown i t i s n o t p o s s i b l e t o assess t he l i k e l i h o o d o f 

o v e r r i d i n g t a k i n g p l a c e . 

Eastward movement o f the Caribbean or westward movement o f the 

A t l a n t i c i s a t h o r n y p o i n t o f d i s c u s s i o n f o r s e v e r a l w r i t e r s on the 

Lesser A n t i l l e s . Some c l a i m t o be a b l e t o see evidence i n t h e s t y l e 

of d e f o r m a t i o n o f the area f o r movement i n one d i r e c t i o n or the 

ot h e r (Meyerhoff and Meyerhoff, 1971). However, as f a r as m a t e r i a l 

o v e r l y i n g t h e two p l a t e s i s concerned, t h e r e i s no d i f f e r e n c e between 

eastward movement o f the Caribbean and westward movement o f t h e 

A t l a n t i c . A l l t h a t i s s i g n i f i c a n t i s the r e l a t i v e convergent motion 

between them. 

The u p l i f t o f t h e Barbados Ridge i s q u i t e l i k e l y t o have 

r e s u l t e d from a decrease i n the c r o s s - s e c t i o n a l area o f the c r u s t a l 

depression u n d e r l y i n g the r i d g e , b u t the mechanisms o f a d i f f e r e n t 

n a t u r e t o t h a t o f Bowin (1972) are proposed here. The c r u s t a l 

m a t e r i a l u n d e r l y i n g t h e ea s t e r n h a l f o f the Tobago Trough, a d j a c e n t 

t o the subducting p l a t e , must be i n a s t a t e o f compression and 

sh e a r i n g p a r a l l e l t o the d i r e c t i o n o f motion o f the su b d u c t i n g p l a t e . 

The c r u s t may, t h e r e f o r e be t h i c k e n e d as a r e s u l t o f creep under 

h o r i z o n t a l s t r e s s ( t h i c k e n e d c r u s t i s seen on t h e c r u s t a l models), or 

p a r t s o f i t may be sheared o f f and c a r r i e d down w i t h t he subducted 

p l a t e . Both these processes would l e a d t o c r u s t a l s h o r t e n i n g beneath 

th e Barbados Ridge and consequently the compression and u p l i f t o f the 

o v e r l y i n g sediments. Another f a c t o r i s t h a t t h e r e g i o n o f su b d u c t i o n 

i s depressed below i t s p o s i t i o n o f i s o s t a t i c e q u i l i b r i u m by the f o r c e s 

causing s u b d u c t i o n . I f t h e r e i s a r e l a x a t i o n i n the subduc t i o n process 
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the r e g i o n w i l l r i s e , p r o d u c i n g u p l i f t o f t h e r i d g e . 

S t r u c t u r e s o f the Barbados Ridge, and t h e i r p o s s i b l e o r i g i n 

From t h e c r u s t a l models ( f i g s . 4.20, 4.21 and 4.22) i t appears 

t h a t the e a s t e r n margin o f the Barbados Ridge may be f a u l t bounded, 

downthrowing t o the e a s t . The western f l a n k o f t h e r i d g e t e r m i n a t e s 

a t an a b r u b t change i n n a t u r e o f t h e r e f l e c t i n g h o r i z o n s t h a t may be 

u n d e r l a i n by a f a u l t ( f i g s . 4.6 and 4 .7 ) . I n the western f l a n k o f 

the r i d g e t h e upper sedimentary l a y e r s are g e n t l y b u c k l e d above an 

i r r e g u l a r s u r f a c e o f more d i s t u r b e d sediment. The b u c k l i n g c o u l d 

be caused by movement o f the u n d e r l y i n g m a t e r i a l on f a u l t s . These 

f a u l t s a r e thought l i k e l y t o be t h r u s t f a u l t s a r i s i n g from t h e slow 

westward displacement o f m a t e r i a l caused by s u b d u c t i o n , and p o s s i b l y 

c r u s t a l s h o r t e n i n g . The f a u l t s on the east s i d e o f t h e r i d g e are 

p o s s i b l y h i g h angle r e v e r s e or maybe normal, caused by t h e u p l i f t o f 

the r i d g e . 

The s t r u c t u r e s observed i n the S c o t l a n d Formation o f Barbados 

are not c o m p l e t e l y e x p l a i n e d by the s u b d u c t i o n t e c t o n i c scheme d e s c r i b e d 

above ( f i g 8 .1) . Although the presence o f s e v e r a l l a r g e d i s l o c a t e d 

sheets (Baadsgard, 1960) and n o r t h - s o u t h t r e n d i n g f a u l t s i s 

c o m p a t i b l e , the s t r i k e o f the a x i a l t r a c e s o f the f o l d s , a t 063°, 

poses a problem. One would expect the s t r i k e t o be a p p r o x i m a t e l y 

n o r t h - s o u t h i f t h e y were due s o l e l y t o s u b d u c t i o n . H e r r e r a and Spence 

(1964), a f t e r a d e t a i l e d study o f the S c o t l a n d Formation, concluded 

t h a t the f o l d i n g was a s s o c i a t e d w i t h the emplacement o f t h e r o c k s as 

t h r u s t sheets by g r a v i t y s l i d i n g northward from t h e r e g i o n o f the 

South American c o n t i n e n t a l margin. The Joes R i v e r Formation i s 
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considered by them t o be s e v e r e l y sheared and t e c t o n i c a l l y d i s p l a c e d 

Lower S c o t l a n d Formation sediments. The a l l o c t h o n o u s n a t u r e o f t h e 

d e p o s i t s would e x p l a i n the presence o f some a p p a r e n t l y f a i r l y s h a l l o w 

water sediments i n what was a deep sea t r e n c h . The minimum angle o f 
'O 

slope needed f o r g r a v i t y s l i d i n g i s about 1 (Kuenen, 1956), which 

would have been t h e case i s the water depth a t Barbados a t the time 

o f emplacement (Eocene) was g r e a t e r than *f km, which i s l i k e l y . As 

the f o l d s a re penecontemporaneous w i t h d e p o s i t i o n , t h e y are p r o b a b l y 

no younger t h a n Middle Eocene, and predate t h e i s l a n d arc and p o s s i b l y 

the s u b d u c t i o n zone. Consequently they may be comp l e t e l y u n r e l a t e d 

t o t h e p r e s e n t t e c t o n i c s i t u a t i o n * 

Daviess (1971) t a k e s t he g r a v i t y s l i d i n g h y p o t h e s i s one stage 

f u r t h e r , and envisages the whole area o f the Barbados Ridge and 

Slope as one massive g r a v i t y s l i d e . T h i s , however, poses a problem 

o f d e r i v a t i o n f o r such a l a r g e amount o f m a t e r i a l - Daviess was 

unsure where i t came from, but mentioned an u p l i f t e d "Caribbean Block" 

from which t h e sediments s l i d . The t h i c k n e s s o f sediments i n v o l v e d 

(up t o 20 km) does seem r a t h e r too gre a t f o r the en masse movement o f 

sediment suggested and i n v o l v e s movement up slope on the e a s t e r n s i d e 

of t h e t r o u g h . A massive s l i d e as envisaged by Daviess, t h e r e f o r e , i s 

r a t h e r i m p l a u s i b l e , b ut the r o l e o f g r a v i t y s l i d i n g on a s m a l l e r s c a l e 

as suggested by H e r r e r a and Spence, does seem t o have p l a y e d an 

i m p o r t a n t p a r t i n t h e e a r l y development of t h e area. 

The f o l d i n g i n Barbados has been r e l a t e d by s e v e r a l a u t h o r s 

(e . g . Martin-Kaye, 1969) t o t h e l a t e Eocene episode o f f o l d i n g i n 

T r i n i d a d and Venezuela, p a r t l y on the grounds o f t h e s i m i l a r s t r i k e 

o f t h e s t r u c t u r e s . Weeks and o t h e r s (1971) c l a i m c o n t i n u i t y between 
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the s t r u c t u r e s o f t h e South American c o n t i n e n t a l s h e l f and those 

o f t he Barbados Ridge. Much o f t h e evidence p u t f o r w a r d i n support 

o f t h i s i s g i v e n by Bassinger and o t h e r s (1971)« The o n l y two 

f e a t u r e s t h a t are a p p a r e n t l y continuous across t he break o f the 

c o n t i n e n t a l s h e l f are two l o n g p e r i o d magnetic anomalies, and how 

these are c o r r e l a t e d from survey l i n e t o survey l i n e i s not 

demonstrated. The s t r u c t u r e s seen on t h e r e f l e c t i o n p r o f i l e s over t h e 

Barbados Ridge are completely absent from the s h e l f -

I t seems u n l i k e l y t h a t t h e mechanism causing t h e d e f o r m a t i o n 

c o n t i n e n t a l margin o f n o r t h e r n South America would a l s o have a f f e c t e d 

Barbados. As i n most orogenic b e l t s , d e f o r m a t i o n i s c o n f i n e d t o a 

co m p a r a t i v e l y narrow l i n e a r zone. The i n t e r v e n i n g l i t h o s p h e r e between 

Barbados and the c o n t i n e t a l s h e l f shows no s i g n o f d e f o r m a t i o n , and 

i t i s improbable t h a t i t would be deformed. Barbados, t h e r e f o r e , 

cannot have been deformed by the process which produced f o l d s i n 

T r i n i d a d and Venezuela u n l e s s t he zone o f d e f o r m a t i o n curved round 

t o i n c l u d e Barbados, i n which case the t r e n d o f the f o l d s should be 

nort h w a r d . There remains t he p o s s i b i l i t y t h a t u n d e r t h r u s t i n g o f the 

Caribbean P l a t e beneath the n o r t h e r n margin o f South America produced 

some s t r i k e - s l i p motion a l o n g t he subduction zone which may have 

c o n t r i b u t e d t o the de f o r m a t i o n o f Barbados. 

Summary o f t e c t o n i c f e a t u r e s 

The main p o i n t s c o n c e r n i n g t he s t r u c t u r e and t e c t o n i c s o f t h e 

Barbados r i d g e r e g i o n may be summarised as f o l l o w s . The presence 

o f t he Barbados Ridge i s a consequence o f sub d u c t i o n , and a c t i v e 

d e f o r m a t i o n i s p r e s e n t l y t a k i n g p l a c e a t the e a s t e r n edge o f t h e 
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sediment p i l e and d i r e c t l y above t h e l i t h o s p h e r e moving i n t o t h e 

subduct i o n zone. The upper p a r t s o f t h e sediment p i l e a re no l o n g e r 

a f f e c t e d by s u b d u c t i o n , except f o r some adjustment on f a u l t s . The 

u p l i f t o f the Barbados Ridge i s probably n ot s i m p l y a consequence 

o f c o n t i n u e d s u b d u c t i o n , b u t may be r e l a t e d t o a change i n shape o f 

the c r u s t a l depression c r e a t e d by subduc t i o n and i s o s t a t i c u p l i f t . 

F o l d s t r u c t u r e s seen i n Barbados are p r i m a r i l y r e l a t e d t o de f o r m a t i o n 

penecontemporaneous w i t h d e p o s i t i o n , i n which g r a v i t y s l i d i n g was 

i m p o r t a n t . S t r u c t u r e s o f t h e n o r t h e r n margin o f South America 

are u n l i k e l y t o be d i r e c t l y r e l a t e d t o those o f Barbados, a l t h o u g h they 

were p r o b a b l y i n f l u e n c e d by the same p l a t e motions. 

The r e l a t i o n s h i p between ocean trenches and subduc t i o n zones 

As a g e n e r a l r u l e , t h e n e g a t i v e Bouguer g r a v i t y anomaly 

a s s o c i a t e d w i t h deep sea trenches i s s i t u a t e d over t h e landward w a l l 

of the t r e n c h ( T a l w a n i , 1970). Another widespread f e a t u r e o f 

trenches i s t h a t t h e i n c l i n e d zone o f earthquakes a t t r i b u t e d t o 

su b d u c t i o n appears t o i n t e r s e c t t h e su r f a c e on the landward s i d e o f 

the t r e n c h as f a r as 50 km away from t he t r e n c h a x i s (Sykes, 1966). 

An apparent anomaly o f many deep sea trenches i s t h a t t h e r e o f t e n 

appears t o be v e r y l i t t l e sediment i n them, and t h a t what t h e r e i s 

i n them i s i n many cases undeformed ( S c h o l l and o t h e r s , 1968; 

S e y f e r t , 1968; Von Huene and o t h e r s , 1969; S c h o l l and Von Huene, 1970), 

though not always so ( L i s t e r , 1971). 

The above mentioned f e a t u r e s are almost c e r t a i n l y r e l a t e d . An 

ocean t r e n c h need not n e c e s s a r i l y l i e d i r e c t l y over t h e s i t e o f 

subduction %where t h e s i t e o f subdu c t i o n i s taken t o mean t h e p o i n t where 
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igneous c r u s t a l m a t e r i a l on the subducted p l a t e passes through 

s i m i l a r m a t e r i a l on t h e opposing p l a t e . The cross s e c t i o n a l shape 

of a s u b d u c t i o n zone and the r e g i o n of the t r e n c h seems t o be 

c o n t r o l l e d by the f o r c e s causing subduction, though l o a d i n g o f t h e 

c r u s t has some i n f l u e n c e . When a subd u c t i o n zone i s young, t h e 

t r e n c h w i l l be s i t u a t e d over t h e s i t e o f s u b d u c t i o n , and w i l l be a t 

i t s deepest. As sediment i s added t o the t r e n c h area by subduction, 

the t r e n c h i t s e l f w i l l m i g r a t e away from the p o i n t o f s u b d u c t i o n as 

sediment i s p i l e d up behind i t . The Bouguer anomaly w i l l s t i l l 

be s i t u a t e d over the s i t e o f s u b d u c t i o n where the c r u s t i s deepest, 

as w i l l t h e t o p o f t h e seismic zone, and a f t e r some time t h e y w i l l 

appear w e l l t o t h e landward s i d e o f the t r e n c h , depending on the 

r a t e o f s u b d u c t i o n and the amount o f sediment on the subducted p l a t e . 

F i g . 8.2 i l l u s t r a t e s t h i s development. 

The t r e n c h i s s i t u a t e d a t t h e f r o n t o f the deformed sediment 

zone, and hence t h e sediment i n i t s bottom and on i t s seaward s i d e 

w i l l always be u n d i s t u r b e d . I f the h i n t e r l a n d behind t h e t r e n c h 

produces any a p p r e c i a b l e amount o f sediment, the deformed sediments 

w i l l be o v e r l a i n by a l a y e r o f new sediment, and t h e d e f o r m a t i o n may 

pass u n n o t i c e d on r e f l e c t i o n p r o f i l e s across such an area. Burk 

(1972) i n a study o f t h e A l e u t i a n Arc, noted t h a t t h e t r e n c h had 

m i g r a t e d seaward and a l t h o u g h the landward p o r t i o n s o f the t r e n c h are 

now u p l i f t e d i t i s p o s s i b l e t h a t the way i n which t h e t r e n c h m i g r a t e d 

was s i m i l a r t o t h e scheme present e d above. The Barbados r e g i o n i s a 

case i n which t h e sediment p i l e w i t h t h e t r e n c h a t i t s growing margin 

has m i g r a t e d c o m p l e t e l y out o f t h e t e c t o n i c depression produced 

by s u b d u c t i o n . I f we can use t h e s t r u c t u r e o f t h e Barbados r e g i o n as 



8.2 Schematic diagram i l l u s t r a t i n g t h e development o f an ocean 

t r e n c h a t the top o f a subduction zone, i t s oceanward 

m i g r a t i o n and e v e n t u a l disappearance. 
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a model, then a t r e n c h can m i g r a t e up t o 60 km from the s i t e of 

subduction and s t i l l have a depth o f 8 km, or maybe 6 km i f the 

e f f e c t o f i s o s t a t i c l o a d i n g i n t h e Barbados r e g i o n i s a l l o w e d f o r . A 

f a s t e r s u b d u c t i o n r a t e c o u l d probably i n c r e a s e these amounts. 

Sediment volume as an e s t i m a t e o f subduction r a t e 

I n chapters 6 and 7 e s t i m a t e s were made o f the s u b d u c t i o n r a t e 

a t the Lesser A n t i l l e s from c o n s i d e r a t i o n s o f t h e p r e s e n t s e i s m i c i t y , 

t h e l e n g t h o f t h e subducted p l a t e , and t h e p o s s i b l e p l a t e t e c t o n i c 

h i s t o r y . Another estimate o f the r a t e o f subduction or the p e r i o d 

f o r which i t has o c c u r r e d i s made here from the volume o f sediment 

con t a i n e d i n the r e g i o n o f the Barbados Ridge and Slope. 

A simple c a l c u l a t i o n i s o b t a i n e d from t h e assumption t h a t t h e 

t h i c k n e s s o f sediment on the subducted p l a t e i s c o n s t a n t . The 

c r o s s - s e c t i o n a l area o f sediment i n the p i l e e s t i m a t e d from the 

c r u s t a l model a t l a t i t u d e 13° 2V N ( f i g . k.Zl) i s 20Sk km 2 over a 

d i s t a n c e o f 3^1 km. The t h i c k n e s s o f sediment on u n d i s t u r b e d ocean 

f l o o r i s 3 km. Hence the c r o s s - s e c t i o n a l area o f excess sediment i s 
2 - 1 1061 km , which means t h a t a t a r a t e o f 1 cm y i t has t a k e n 35 my 

t o accumulate the sediment. Put d i f f e r e n t l y , t h i s means t h a t 350 km 

o f l i t h o s p h e r e has been subducted, which agrees w e l l w i t h t h e l e n g t h 

e s t i m a t e d from the depth o f the seismic zone. 

A l i t t l e more r e a l i s t i c e s t imate may be made by assuming t h a t 

t h e r a t e o f s e d i m e n t a t i o n i s c o n s t a n t . Then the t h i c k n e s s o f sediment 

w i l l be l i n e a r l y r e l a t e d t o the age o f the c r u s t . The q u a n t i t i e s 

i n v o l v e d are l i s t e d below. 



1̂ 3 

t = time 

T = t o t a l t i m e elapsed s i n c e s t a r t o f subdu c t i o n 

S = s e d i m e n t a t i o n r a t e = 0.03^8 km my 1 

R = s i n g l e spreading r a t e a t t h e mid-ocean r i d g e = 15• 3 km my 

D = d i s t a n c e between r i d g e and subdu c t i o n p o i n t a t s t a r t o f 

s u b d u c t i o n . 

U = subduction r a t e 

P = pr e s e n t d i s t a n c e from r i d g e t o s u b d u c t i o n p o i n t = 1650 km 

1 = d i s t a n c e from s u b d u c t i o n p o i n t t o edge o f sediment p i l e = 230 

d = d i s t a n c e from subduction p o i n t t o edge o f sediments on arc 
s i d e o f zone = 111 km 

A = age o f c r u s t beneath sediment on non-subdueting s i d e o f 

p i l e = 80 my 

R was o b t a i n e d from t h e magnetic anomaly data o f Pet e r ( p e r s o n a l 

communication). S was o b t a i n e d from seismic data g i v e n i n chapter k 

i n c o n j u n c t i o n w i t h t h e magnetic anomaly data. 

The r a t e o f sediment a c c r e t i o n i n the t r e n c h a t time t due t o 

su b d u c t i o n i s US(t(R - U) + D ) 

R 

The amount o f sediment a c c r e t e d i n time T i s 

T 

t ( R - U) + D d t 

0 

US i 
R J 

US(T 2(R - U) + DT) D = P - T(R - U) 
R 2 

The amount o f sediment added t o the p i l e by d i r e c t s e d i m e n t a t i o n i s 

(2P - 1) S I + dSA 
2R 



C r o s s - s e c t i o n a l area o f the sediment i n the p i l e i s 

S 2P1 - I 2 + U(PT - T 2 (R - U)) + dSA = 2084 km 2 

R 2 2 

S u b s t i t u t i n g t he values g i v e n above f o r S, R, P, 1 , d and A i n t h e 

eq u a t i o n g i v e s 

U(l650T - T 2(15.3 - U)) = ^28000 
2 

I f t h e r a t e s o f subduc t i o n (U) o f 1 cm y""1 and Q.5 cm y 1 are 

s u b s t i t u e d i n t o t h e e q u a t i o n ( V ) , then 2 6 . a n d 55*^ my are o b t a i n e d 

f o r v a l u e s o f t h e p e r i o d over which s u b d u c t i o n has been t a k i n g p l a c e 

( T ) . A l t e r n a t i v e l y i f kO my and 15 my are g i v e n f o r the p e r i o d s o f 

subduct i o n r a t e s o f 0-72 and 1.72 cm y 1 are o b t a i n e d . 

Drawbacks t o t h i s a n a l y s i s are t h a t s e d i m e n t a t i o n r a t e s may n o t 

have been c o n s t a n t , e i t h e r t e m p o r a l l y or a r e a l l y . There was p r o b a b l y 

an i n c r e a s e d amount o f sed i m e n t a t i o n i n t h e t r e n c h when i t e x i s t e d , 

compared w i t h t h a t i n the ocean, which would l e a d t o an ov e r e s t i m a t e 

o f t he subduction r a t e . A f t e r t h e sediments had been u p l i f t e d above 

the l e v e l o f t h e ocean b a s i n t h e r e would have been l e s s s e d i m e n t a t i o n 

i n the subduction area than i n the ocean b a s i n . A l s o the subdu c t i o n 

r a t e may have v a r i e d and even stopped. 

The e s t i m a t e s o f r a t e and p e r i o d o f subduc t i o n are comparable 

w i t h those o b t a i n e d from s e i s m i c i t y and l e n g t h o f su b d u c t i o n zone. 

The r e s u l t s are compared below. 



Estimator Rate Period 

S e i s m i c i t y * 0.5 cm y ^ 

Length of subduction zone 0.5 cm y 1 62 my 

1.0 cm y " 1 31 my 

Sediment volume 0.5 cm y ^ 5 5 m y 

1.0 cm y - 1 26. *f my 

* using Brune's method (1968) which i s known to give an underestimate. 

Although i n d i v i d u a l l y each method of estimating the subduction 

r a t e i s f a i r l y inaccurate,the close correspondence between the values 

obtained by each method does imply that a subduction r a t e i n the 

range of 0.5 to 1 cm y " 1 i s probably c l o s e to the average subduction 

r a t e a t the L e s s e r A n t i l l e s . 

Development of the struct u r e of the i s l a n d arc 

I n chapter *f i t was remarked that the choice of v e l o c i t y / d e n s i t y 

model ( f i g s . *f.23 and h.2k) for the i s l a n d a r c i s dependent i n some 

degree on manner of development of the i s l a n d a r c s t r u c t u r e that 

i s favoured. The most commonly assumed evolution of i s l a n d a r c s 

(eg. M i t c h e l l and Reading, 1971) commences with the outpouring of 

la v a s onto the seafloor, b u i l d i n g up a volc a n i c p i l e i n which a l l 

new m a t e r i a l i s added above the old s e a f l o o r . The weight of the new 

mat e r i a l leads to the depression of the Moho beneath i t . The p i l e 

grows with the i n t r u s i o n of more new ma t e r i a l , and pluto n i c bodies 

are formed wi t h i n i t . Even a f t e r the i s l a n d arc has become w e l l 

developed, the Moho beneath i t i s e s s e n t i a l l y that of the o r i g i n a l ocean 

c r u s t , although i t may have become modified i n some degree by the 

passage of ma t e r i a l through i t . I t i s i n t e r e s t i n g to note that 
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M i t c h e l l and Reading (1971)i w i t h no ge o p h y s i c a l evidence t o guide 

them, c o n s e r v a t i v e l y underestimated t he depth o f the Moho beneath 

the i s l a n d a r c , p u t t i n g i t a t 15 km. 

U l t r a b a s i c x e n o l i t h s found i n e x t r u s i v e r o c k s i n the arc 

i n d i c a t e t h e presence o f more u l t r a b a s i c r o c k s a t depth (K. W i l l s , 

p e r s o n a l communication). I f the a l k a l i b a s a l t s , which are the most 

basi c e x t r u s i v e r ocks found i n the a r c , are most c l o s e t o t h e p a r e n t a l 

magma, then i n o r d e r t o d e r i v e t he dominantly a n d e s i t i c v o l c a n i c s o f 

the arc t h e r e must be a residuum o f u n d e r s a t u r a t e d b a s i c r o c k s a t 

l e a s t equal i n volume t o t h e e x t r u s i v e r o c k s . The q u e s t i o n t h a t 

a r i s e s i s where do these b a s i c and u l t r a b a s i c r o cks occur w i t h i n 

t h e arc? Are t h e y a l l above the o r i g i n a l s e a f l o o r o r do they occur 

w i t h i n and below the o l d ocean c r u s t ? I f t he l a t t e r i s the case 

then i t i s p o s s i b l e t h a t t h e i s l a n d arc may develop i n the manner 

i l l u s t r a t e d by 'b ? of f i g . 8.3 r a t h e r than 'a' which i s the most 

commonly assumed case. The o l d s e a f l o o r would not be depressed as 

much as i n 'a 1 and t h e Moho would be a t the base o f newer m a t e r i a l , n ot 

the o l d oceanic c r u s t . C a l c i c x e n o l i t h s c o n t a i n i n g w o l l a s t o n i t e , 

g r o s s u l a r g a r n e t , a n o r t h i t e and a pyroxene, f a s s a i t e , a re p r o b a b l y 

th e p r o d u c t s o f r e a c t i o n between c a l c i c r i c h sediments and b a s a l t i c 

magma (K. W i l l s , p e r s o n a l communication). The envi r o n m e n t a l 

c o n d i t i o n s f o r t he m i n e r a l assemblage are not w e l l know, but comparison 

w i t h s i m i l a r metamorphic assemblages and experiments ( T u r n e r , 1968) 

i n d i c a t e s c o n d i t i o n s o f h i g h temperature and f a i r l y low p r e s s u r e . 

The depth o f f o r m a t i o n i s not g r e a t e r than 20 km. T h i s suggests t h a t 

i f t h e sediments metamorphosed were those l y i n g on the o r i g i n a l 

s e a f l o o r t hen t h e o l d basement cannot be too f a r down i n t h e v o l c a n i c 
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p i l e ; a f e a t u r e t h a t would f a v o u r model 'b'. The predominance o f 

a l k a l i b a s a l t s among the o l d e s t r o c k s o f the arc i m p l i e s t h a t t h e r e 

was r e l a t i v e l y l i t t l e d i f f e r e n t i a t i o n o c c u r r i n g i n t h e e a r l y p a r t of 

the development o f the arc and t h a t consequently l a r g e magma chambers 

o n l y form once a c o n s i d e r a b l e v o l c a n i c p i l e had been b u i l t up. T h i s 

f a v o u r s model 'a' as *b f should produce d i f f e r e n t i a t e d p r o d u c t s 

e a r l y on. I t might a l s o be considered t h a t t h e b a s a l t i c magma b e i n g 

l e s s dense than t h e ocean c r u s t should r i s e above i t , which i s a l s o 

a p o i n t i n favour o f model 'a'. 

Comparing the two models ( f i g . 8.3)? i t does seem t h a t 'a' i s 

perhaps t h e most p l a u s i b l e , b u t i t i s l i k e l y t h a t t h e o r i g i n a l ocean 

c r u s t may become c o n s i d e r a b l y a l t e r e d by the passage o f m a t e r i a l t h r o u g h 

i t and be i n t r u d e d i n t h e manner shown i n 'b' 3» I t i s not p o s s i b l e 

w i t h the g e o p h y s i c a l i n f o r m a t i o n a v a i l a b l e t o be a b l e t o d i f f e r e n t i a t e 

between t h e two models, b u t i t can be s a i d t h a t t h e r e must be a h i g h 

p r o p o r t i o n o f basi c p l u t o n i c r o cks i n the i s l a n d a r c . 

Another f e a t u r e o f the i s l a n d arc i s t h a t the v o l c a n i c i s l a n d s i n 

th e r e g i o n considered are west o f t h e c e n t r e o f t h e v o l c a n i c p i l e 

as d e r i v e d from t h e g r a v i t y and seismic evidence ( f i g s . 4.20, 4.21, 

4.23? and 4.24). I t may be t h a t v u l c a n i c i t y s h i f t e d westward i n 

the r e g i o n o f S t . Vincent as i t d i d i n the n o r t h e r n p a r t o f the arc 

(Martin-Kaye, 1969)1 o n l y by not so l a r g e an amount. I f t h i s were 

the case then t he com p l i c a t e d p a t t e r n o f magnetic anomalies east of 

the arc might be i n t e r p r e t e d as b e i n g produced by t h e m u l t i p l y 

i n t r u d e d o l d e r p a r t o f t h e a r c , whereas t h e more u n i f o r m anomaly on 

the western s i d e might be thought t o be t h e r e s u l t o f t h e more 

homogeneous newer p a r t . 



Two p o s s i b l e modes of i s l a n d arc growth. 
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The reason for the remarkable l i n e a r i t y of the Lesser A n t i l l e s , 

even though i t i s a common feature of island arcs, i s not easily 

understood. Most current hypotheses place the volcanic islands 

d i r e c t l y above the region of the subducted plate where v o l a t i l e s 

or p a r t i a l melts are derived- The depth from the arc to t h i s zone 

appears to be related to the subduction rate. Given that the zone 

of derivation i s narrow, and many authors make i t very broad, one 

might expect some divergence of material on i t s passage to the surface. 

Instead the reverse appears to be true. How are the products 

focussed to appear at the same place on the surface? L i t t l e i s 

known about the tectonic state of the lithosphere when the subduction 

zone i s formed. Perhaps the fracture system produced i n i t i a l l y 

guides the volcanic products, which once they have established a 

route always follow i t , because removal of material from one end of 

the system tends to draw more into i t . 

Was there once a subduction zone at the present s i t e of the 

Lesser Antilles? 

The crustal structure either side of the arc i s d i f f e r e n t . The 

Grenada Trough i n common with the Venezuelan Basin has two layers 

of seismic velocity 6.3 and 7-4 km s i n place of the one layer of 

velocity 6.9 km s "̂ present under the Atlantic Ocean and the Tobago 

Trough ( f i g . 4 . 2 0 ) . I f the double layer i s a feature of the Caribbean 

Plate and the arc has been formed on the plate then the change i n 

structure would be expected to occur across the subduction zone, not 

the island arc. I t may be that the Aves Swell i s a former island 

arc. The rocks collected from i t are of the calc-alkaline type and 
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are older than any present i n the Lesser A n t i l l e s (Fox, Schreiber 

and Heezen, 1971)- The eastern side of the Aves Swell has a convex 

form, suggesting that any subduction that took place would have done 

so from the east. The most l i k e l y s i t e of subduction, therefore, 

would have been on the eastern side of the Grenada Trough, near 

where the Lesser A n t i l l e s now are. This could have been active from 

80 to 50 or 40 my bp. The apparent absence of deformed sediments i n 

the Tobago Trough (P. Keary, personal communication) appears to 

stand against the hypothesis. However, the position of the Grenada 

Trough during subduction below the Aves Swell would have been 

analogous with that of the Tobago Trough now, where a l l the upper 

sediments are undeformed, and sedimentation during the following 40 

to 50 my w i l l have completely buried any once discernible deformed 

structures to a depth too deep to be seen by the r e f l e c t i o n p r o f i l i n g 

system. Another point against i s that there does not seem to be 

enough sediment i n the Grenada Trough, but there may not have been 

as much sediment on the subducted lithosphere as there i s nowadays 

and consequently one would not expect a large amount of sediment to be 

accumulated, as i s now seen below the Barbados Ridge. More needs to 

be known about the crustal structure i n the eastern half of the 

Grenada Trough to be able to establish the p l a u s i b i l i t y of t h i s early 

subduction zone hypothesis more certainly. 

An alternative method of development for the Grenada Trough and 

the Venezuelan Basin i s some form of "back arc spreading" process, as 

has been proposed for marginal basins i n the western Pacific (Karig, 

1971; Moberly, 1972). 
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The possible association between geochemical variations i n the island 

arc, and the Barbados Ridge and the St. Lucia East Ridge. 

Geochemical sampling of the Lesser A n t i l l e s has shown that 

St. Vincent, Grenada and the Grenadines are more undersaturated 

than the rest of the Lesser A n t i l l e s (K. Wills, personal communication). 

There are also fewer pyroclastic 'glowing avalanche' type deposits 

on them. I t i s surely not just coincidence that the Barbados Ridge 

should be formed opposite these islands, and that the St. Lucia 

East Ridge should mark the northernmost extent of both the Barbados 

Ridge and the undersaturated islands. 

I n chapter k the hypothesis was put forward that the eastern part 

of the St. Lucia East Rid^was an old transform f a u l t and the effect 

of i t damming the sediments derived from South America had been to 

l i m i t the northward development of the Barbados Ridge. I n chapters 

6 and 7 a model of plate motion (model 2, f i g . 6.12) causing subduction 

below the Lesser A n t i l l e s was discussed, i n which transform f a u l t s 

could run i n t o the arc from the east. A feature of t h i s model was 

that south of each transform f a u l t the rate of subduction would be 

less than that north of i t . I f the St. Lucia East Ridge was such a 

transform f a u l t , then during the period of i t s a c t i v i t y subduction 

would have been proceeding at a slower rate beneath St. Vincent, 

Grenada and the Grenadines than the rest of the arc. 

The amount of p a r t i a l melting that occurs i n the mantle to give 

the magmas that form the island arc i s presumably related to the supply 

of v o l a t i l e s from the subducted plate, i n particular water released 

from hydrous minerals. The rate of v o l a t i l e supply i s related to 
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subduction i n two ways. F i r s t l y , the rate at which v o l a t i l e s are 

taken into the mantle i s d i r e c t l y proportional to the rate of 

subduction. Secondly, the faster the rate of subduction i s , the 

cooler i s the subducted lithosphere at any given depth. Consequently 

the v o l a t i l e s may be taken down deeper, and fewer w i l l be given off 

before the main region of magma genesis. 

At slow rates of subduction p a r t i a l melting w i l l be less then at 

fast rates. When p a r t i a l melting i s small the products of i t are 

undersaturated. Hence there would seem to be a connection between 

a slower subduction rate and the production of r e l a t i v e l y more 

undersaturated rocks i n the southern islands of the arc. This would 

also explain why the volume of volcanic material i s smaller i n the 

southern part of the arc than the northern part. Fig. 8.4 i l l u s t r a t e s 

t h i s . Another consequence of slower subduction i n the southern part 

of the arc i s that seismic zone would be expected to be shallower than 

i n the northern part. Fig. 6.3 shows that the deepest earthquakes are 

generally deeper north of St. Lucia than south of i t , but the d i s t i n c t i o n 

i s not very marked. 

An objection to the argument i s that the St. Lucia East Ridge i s 

not presently active as a transform f a u l t and was probably only 

active during the early phase of vulcanicity i n the Lesser A n t i l l e s , 

but the geochemical samples were taken from rocks of the present volcanic 

phase. Judging from earthquake hypocentres, the subducted lithosphere 

i s 140 km deep below the island arc. I f subduction for the present 

phase of volcanic a c t i v i t y has lasted 10 my then the material now i n 

the zone of v o l a t i l e derivation was at 108 or 76 km depth 10 my ago 

for rates of 0.5 and 1 cm respectively. At both these depths some 



Hypothetical tectonic scheme producing a difference 

i n volcanic rocks between the northern and southern 

parts of the island arc. C i s a constant related 

to the resistance to motion either side of the 

transform f a u l t . V i s the rate of subduction. 
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loss of water from hydrous minerals i s expected. Maybe the effects of 

the ea r l i e r situation were s t i l l preserved i n the mantle because of the 

slow subduction rate, and during the earlier part of the present phase 

t h i s influenced the volcanic products of the zone of p a r t i a l melting. 

History of the area 

Given below i n tabular form (table 8.1) i s a summary of the 

main events of geological significance that have occurred i n the area 

studied. I t i s compiled from the published sources mentioned i n 

chapter 1 , i n conjunction with inferences made from the interpretation 

of the structures determined by the geophysical investigation. 

Table 8 .1 

Age my Epoch Event 

Recent Deposition of layer A* i n the Tobago Trough 

and minor troughs east of the Barbados Ridge 

Formation of Coral Rock on Barbados. 

Pleistocene Rapid u p l i f t of Barbados. 

Deposition of layers A and B i n the Tobago Trough. 

Pliocene Gentle rise of Barbados Ridge area. 

Trench becomes f i l l e d . 

9 Commencement of the second phase of vulcanism 

i n the Lesser A n t i l l e s and the westward s h i f t 

15 of the axis of vulcanism i n the north of 

Miocene the arc. 

Bissex H i l l Formation (Barbados). 

Formation of limestones on volcanic islands. 

Oligocene Waning of vulcanism. 

Cessation of subduction? 

Deposition of Oceanic Formation commences. 
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Age my Epoch Event 
Deformation of Tufton Hall Formation i n Grenada 

Eocene and Lower Eocene rocks i n Trinidad. 

Vulcanism i n the Lesser A n t i l l e s . 

Beginning of subduction opposite the Lesser 

A n t i l l e s . 

Palaeocene Deposition of the Scotland Formation commences. 

Formation of Aves Swell begins. 

Deformation of north coast of South America 

due to subduction? 

80 Cretaceous Caribbean Plate formed. 

The i n t e r v a l between the i n i t i a t i o n of subduction and the s t a r t 

of vulcanism i s not known, but i t i s probably related to subduction 

rate. Judging from the present situation, about 200 km of lithosphere 

needs to be subducted before magma i s generated, which at 1 cm y ̂" 

would take 20 my. 

Although Cretaceous sedimentary rocks are not seen on Barbados, 

i t seems very probable that they exist at depth within the Barbados 

Ridge and are possibly metamorphosed. 

Summary and conclusions 

Listed below are some of the major features elucidated by t h i s 
work. 

1 . The crustal structure across the area has been determined i n some 

d e t a i l . The main points of which are:-

a) The oceanic basement i s about 20 km deep below the Barbados Ridge. 
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b) The Barbados Ridge i s composed ent i r e l y of sediments, some 

of which are probably metamorphosed. 

c) The Barbados Ridge has been u p l i f t e d by about 5 km. 

d) The Tobago Trough has a crust similar to that of the A t l a n t i c . 

e) Two unconformities are seen i n the succession of sediments 

i n the Tobago Trough. 

f ) There i s considerable indirect evidence indicating deformation 

of the sediments of the Barbados Ridge and Slope by subduction, 

g) The upper sedimentary layers are unaffected by subduction. 

h) The root beneath the island arc i n the region of St. Vincent 

i s about 30 km deep. 

i ) Magnetic anomalies indicate that the arc has been b u i l t up by 

many igneous bodies intruded over a f a i r l y long period. 

2 . From various lines of evidence i t i s estimated that the subduction 

rate has been about 1 cm y \ 

3. The sit e of subduction of the Atlantic plate i s d i r e c t l y below 

the Barbados Ridge. 

4 . A gravity anomaly i s produced by the subducted lithosphere which 

may not be greatly different from that estimated from a model of 

lithosphere being subducted at 1 cm y \ 

3. The nature of the inclined zone of earthquakes i s clearly shown 

by a simple s t a t i s t i c a l technique. 

6 . The amount of s i n i s t r a l shear produced i n the Lesser A n t i l l e s 

region since t h e i r formation by r e l a t i v e movement between North 

America and South America i s 300 km. 
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7. The ocean crust beneath the area i s of at least Early 

Cretaceous age. 

8. The present phase of underthrusting at the Lesser A n t i l l e s i s 

probably related to plate motions causing mountain building i n 

the Andes, and the Caribbean Plate may have some connection with the 

Nazca Plate. 

9- An eastward running buried ridge has been shown to exist east 

of St. Lucia, and t h i s ridge which may be part of an old transform 

f a u l t has limited the development of the Barbados Ridge, and probably 

has some connection with a variation i n vulcanism along the arc. 
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Appendix 3*1 

Summary o f the seismic r e f r a c t i o n data o f Ewing and o t h e r (1937) 

V e l o c i t i e s Thicknesses 
E6 1.5 (1 . 7 4 ) 2 .73* 3-35* 6.17* 3 - l 4 0 . 86 2 . 6 7 3-8 

6.88 5.09 

E7 1 . 5 (1.72) 2 .86 4.0 6.84 N1.72 1.24 1 .57 4 .8 

S2 .09 0.95 1-98 2 . 72 

E8 1 . 5 1 .68 2 . 6 4 4.07 6 .62 N2.12 1 .06 2.12 3.12 
s i . 5 8 0 .27 1.70 1.96 

E13 1 . 5 (1^7) 4.33 5 .3 N l . l 1 .3 3 . 4 8 

SO.82 1 .3 2.96 

E14 1 . 5 ( 1 . 7 ) 4.19 5.35 E1 .54 1.48 3.2 
wo.82 1.31 2.63 

1 

E15 1 . 5 l . 8 l * 2 . 5* 3.38* 0 . 73 O.78 2 .18 

E16 1 . 5 (1 . 7 2 ) 2.22 3-21 4.27 NO.37 0 .38 2.0 5-2 
S1 .09 0.27 0 . 51 3.32 

E17 1 . 5 ( 1 . 7 ) 2 .58 6.74 8.32 E4.07 1.2 2 . 62 5-79 

W2.85 0 . 54 6.21 6.79 

E18 1.51 ( 1 . 7 ) 2 .23 6 . 6 4 8.09 N5 . 0 5 0 . 25 1 .99 7.07 
S4 .73 0.11 2 .99 3 .62 

E19 1 . 5 ( 1 - 7 ) 2.41 4.31 6 . 7 7 E2 . 3 7 2.38 2.87 3.1 

1.91 W2.01 0 . 6 7 5 . 3 7 3.92 

E20 1 . 5 (1 -7 ) 2 . 9 5 * / 3 - 7 / Nl.27 / 5 . 6 3 / / 2 . 2 3 / 

S2.10 0 . 8 7 2.23 

E21 1 . 5 ( 1 . 7 ) 
4. 

3.81 5 . 3 1 N2 .19 3 . 4 8 4 . 7 
I 

1-93 S2 .19 2 . 1 7 3 . 3 9 

E22 1 . 5 ( 1 . 7 ) 3 . 9 7 4.91 ( 6 . 7 4 ) N l . l 1.07 2.56 

s i . 23 0.32 2.82 

E29 1 . 5 2.0 3.82 5.29 6 . 3 4 7 . 4 7 N2 . 93 0 . 6 6 2.05 1 . 9 4 5 . 6 4 

S2 . 9 3 1 . 3 7 2 . 8 8 2 . 6 9 8.7 

B 1 . 5 1 .71* 2 . 7 5 * 3 .38* 0 . 05 0 . 7 5 0 . 9 5 
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Appendix B 

I n t h i s appendix are computer drawn graphs o f the bathymetry, 

magnetic anomaly, f r e e - a i r g r a v i t y anomaly, and Bouguer g r a v i t y 

anomalies f o r 2.0 and 2.67 gm cm ^ measured a l o n g each o f t h e 

major survey l i n e s r u n by HMS HECLA east o f t h e Lesser A n t i l l e s 

i n 1971- The d i s t a n c e s a l o n g the x a x i s are k i l o m e t r e s east o f 

Longitude 62°W. On l i n e s 17 and 19 the d i s t a n c e s are n o r t h o f 12°N. 
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Appendix C 

Computer program descriptions and l i s t i n g s 

I n t h i s appendix are given descriptions and l i s t i n g s of most of 

the computer programs w r i t t e n t o reduce and i n t e r p r e t the data 

considered i n t h i s t h e s i s . They are presented so t h a t the manner 

of d e r i v a t i o n of q u a n t i t i e s used i n the i n t e r p r e t a t i o n may be checked 

i f so desired. Not included are several short programs and those which 

perform operations that are str a i g h t f o r w a r d but tedious t o do manually. 

I n t h i s category are several p l o t t i n g subroutines t h a t are c a l l e d by 

the programs l i s t e d . PLOTX and PLOTV are routines that w i l l p l o t up 

to seven curves on one graph on the l i n e p r i n t e r . I n PLOTX the curves 

a l l have the same Y ax i s . I n PLOTV each curve has a d i f f e r e n t scale 

on the Y a x i s . GPLOTV performs a s i m i l a r f u n c t i o n t o PLOTV, only the 

graph i s p l o t t e d on the p l o t t e r . GPLOT draws the body shapes and 

observed and computed curves from two dimensional g r a v i t y and 

magnetic i n t e r p r e t a t i o n . Another program p l o t s the output from the 

two dimensional averaging program. A subroutine that i s used by 

several programs i s SPLINE (obtained from P. J. Gunn) which i s a 

monocubic i n t e r p o l a t i o n routine that produces an array of r e g u l a r l y 

spaced values from i r r e g u l a r l y spaced data. For use of the p l o t t i n g 

r o u t i n e s i n MTS on the NLTMAC IBM 360/67 reference should be made to "A 

b r i e f guide t o some of the f a c i l i t i e s a v a i l a b l e t o produce p l o t s on the 

Durham 1130 p l o t t e r under MTS" by P. Shelton. 

The word program i s used here i n i t s shortened form t o describe 

s p e c i f i c a l l y a computer program. Programme i s used i n i t s normal sense 

as l i s t of actions or items. 
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Appendix C2.1 

A program w r i t t e n i n PL1 to t r a n s l a t e the paper tape output of the 

free a i r g r a v i t y reduction program MANGRA MK3 of the Hydrographic 

Branch of the Royal Navy. 

Input: 

Eight hole paper tape punched i n HYTIP code. 

Output: 

Card images on FILE YY which must be assigned to a device when 

running the program. The f o l l o w i n g items are put out:-

IA S e t t i n g of Upper Spring on Askania Sea Gravimeter. 

IB Reading on Enograph. 

IC Zero s e t t i n g on Enograph 

D Distance run i n ten minutes, i . e . between f i x e s . 

IE Course over ten minutes. 

IF L a t i t u d e : degrees. 

G La t i t u d e : minutes 

R Eotvos c o r r e c t i o n . 

S Measured g r a v i t y 

T Free-air g r a v i t y anomaly 

IU Time of f i x . 

FILE XX i s a temporary storage f i l e and must be assigned f i l e s p a c e 

when running the program. 
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» • f • • • ' S ' 1 , * ' t ' » * " 1 * 1 ' 1 1 • 

. 1 1 . f 1 . , I • f 1 1 » • ' • ' » 1 1 1 1 
| \ • 

J B I T ( n r M T T ( « O M n ; 
/ 

yy F I L v EAM t CAPD C H " P ( ^ 0 ) , C H C ( 1) • 

' Y cr11_C: O U T P U T C , T ^ : : A M » W P O C H A P ( i ) ; 
F NOP I L F ( S f f t P O ' '.) GOTH p ; 

( Y V ) . F 1 1 E ( / X ) 

DCL 

C A - 0= 1 ' : 
K = l ; 

L 1 : Gi " ^ 0 ! T C H M A I i l l ; 
T N = ' ^ ) r P F r ( Ch^ : 

S m S T P (CAPl / f K ? l ) = Y { I N I ; 
K = f + ! : 

T F K > ~ 0 "HEN n 1 ; 
° U T F T I F ( y y ) ^ 0 1 T f C * P P ) ( A < 8 0 M ; 

CAPf,= » • : [ M P ; 
G , 1 T 0 L I ; 

P :CLOSE P TL r f X X ) : 
- ( P c N c t L r - ( Y v ) I ' I D i f t ; 
p l s r , c T PI I « ( XXI " 0 1 T (Vs^D) ( M i l l ; 
I F WPO , T ' T « - N r,n Tr- R 1 ; 

OFT F a r t vy ) r D T ' ( WF D ) ( ft ( 1) ) ; 
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T F * I * r-n TO c i : 
G R T r i U " ( X X l r O ! T ( W R n ) ( M l ) ) ; 
J P VI- .1 T H * E N GP 7 0 - 1 : 
GET ^ T L . E ( V Y ) E O T T (WHQ1 ( M l ) ) : 
T F w-r» • £ » T M P N r,n TO P i ; 

H:GET ^ L F ( X X ) L I S ' (1 A , I P , I C , D , T 1 1 I F , G f P , S , ' , I U ) ; 
n N EN-^PTLE (SYSTN) G 1 T r l Z ; 
P"T F!L 7 ( Y Y ) t P I T ( T A f j g f T C t n f I F , I F , G f P , ' t - t M J ) ( S M F F F ( ? ) 

, v ( ? ) , r ( 3 ) • 
X ( ? ) , P ( 4 ) , X ( 2 ) , f ( 3 , l ) , X ( 2 ) , F ( 3 ) , v ( ? ) , F ( ? ) f X ( l ) , F ( 6 T 2 ) , X ( 2 ) 

, r- i * f 1 ) »X ( 2 ) 
, c ( 1 ) t X ( ? ) , F ( t , 1 ) , X ( 2 ) , F ) ; 
Gn - n H; 
/ : FN ) : 
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Appendix C 2 . 2 

Data Reduction Programs 

A. Input Program. Written i n FORTRAM IV, t h i s program accepts data 

and organises i t into a form ready for calculation of the Bouguer 

anomaly. This i s to be followed by a run of GRAVN and a run of the 

output program (B). The input for the program, as formatted, i s 

designed to take the output of a data program which gives the 

magnetic anomaly (C) uncorrected for diurnal variations. The data 

should be presented as survey l i n e s . 

Input: 
Read on 5 from cards or any other f i l e . 

NAME 

OFFSET 

HDDRIF 

DC 

AG 

JTIM(K) 

ITIM 

LATDEG 

ATMIN 

LONDEG 

ONMIN 

Id e n t i f i c a t i o n . 

Difference between meter gravity and true gravity at sta r t 

of l i n e as estimated from d r i f t between base stations* 

Meter d r i f t i n half a day. 

Density contrast for Bouguer correction 

Output of gravity tape translator 

Free a i r gravity value. 

Time of Kth gravity value. I f JTIM(K) = 2500 the 

program stops reading gravity values. I f JTIM(K) « 2̂ +00 

the program inputs new values of OFFSET and HDDRIF. 

Output of (C) 

Time of f i x . 

Latitude: degrees. 

Latitude: minutes. 

Longitude: degrees. 

Longitude: minutes 
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DISTE Distance east i n km on arbitary g r i d system. 

DISTN Distance north i n km on arbitary g r i d system. 

IBATH Bathymetry i n metres. 

MAG Total intensity magnetic f i e l d . 

MANOM Total intensity magnetic anomaly. 

Output: 

Written on 8 the data items taken i n form (C). 

Written on 9 to be read by GRAVN:-

DIST(K) Distance along l i n e to Kth point. 

DEPTH Depth below Kth point i n km. 

DC Density Contrast. 

NO Number of station points, at which Bouguer anomaly i s 

calculated. 

In defining the seabed for calculation of the Bouguer anomaly i t may 

be necessary to include a few points a great distance from the end of 

the l i n e , with one at the sea surface. These should be entered with 

the output from (C) i n the same format. They w i l l not be used for 

station points, because they w i l l have no gravity values associated with 

them. 

Note that i n t h i s program distance to points are taken d i r e c t l y from 

easterly distances, because the program as l i s t e d was used only 

for east west lines. The statement which assigns t h i s value can easily 

be changed to use northerly values for north-south l i n e s or both 

east and north for lines with different courses. 

eg. DIST(K) «fa SQPT ( ( DISTE - SDE)**2 + (DISTN - SDN)**2) 

where SDE and SDN are the values of DISTE and DISTN on the f i r s t point 
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of the l i n e , and are assigned before statement no 11. 

B Output Program. Written i n FORTRAN IV, t h i s program combines 

the outputs of (A) and GRAVN and produces a data card f o r each point 

along the survey l i n e , which contains the values for a l l the 

parameters measured or calculated. 

Input: 

Read i n on 3 : ~ 

NO The number of free-air gravity values. 

FAG(I) The I t h free-air gravity value. 

Read i n on 7'»-

DISTG Distance to a point for which the Bouguer gravity 

correction has been calculated. 

BOUG The Bouguer gravity correction. 

Read i n on 8 i s the output of (A) on 8 . 

Output: 
Written on 6:-

ITIM Time of f i x . 

LATDEG Latitude: degrees. 

ATMIN Latitude: minutes 

LONDEG Longitude: degrees. 

ONMIN Longitude: minutes 

DISTE Distance east i n km. 

DISTN Distance north i n km. 

IBATH Bathymetry i n metres. 

MAG Total intensity magnetic f i e l d . 
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MANOM T o t a l i n t e n s i t y magnetic anomaly. 

FAG(K) F r e e - a i r g r a v i t y anomaly. 

GRAV Bouguer g r a v i t y anomaly. 

Wr i t t en on *f are the same i tems as on 6, but w i thou t headings 

and spaced s u i t a b l y f o r p u t t i n g on cards. 

A note on GRAVN. S l i g h t a l t e r a t i o n s are necessary t o use t h i s 

program to ca l cu la te the Bouguer c o r r e c t i o n . The ar ray s izes w i l l 

probably need to be increased. UNITS needs to be set permanently to 

KM w i t h i n the program. An output f i l e needs t o be created to put 

out the values o f d is tance and c o r r e c t i o n i n F(8 ,3 ) and F (8 ,2 ) 

r e s p e c t i v e l y . 
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C I * P U - PPORFAM F n c D A T A C A 5 D ^ . 
C N ' W E - T OF M I F Y IVG r ^ A - * A C T E F S . 0 F F S f T = D i r F F r c : C £ I N 
C V A I U R ^ T Bf'GIMNT.sr: -,v [>> y B T ' ^ ' E N M E T r ° r., M / I T Y A N D 
C G R A V I T Y EXPECTFn C P O M P A S S S T A T I O N S . hOO-T F = i\ vOi JMT 
c n= pc : C T I N H A l " *. R A Y . r>C D F I ^ S I T Y C C M P ' S R £ R R R 

r 
c G U E F cnc - i c: T T c h. > G = FP.EE G ^ V T T Y R - M : -VY T A P S . 
C J T ! M ( K ) = T l > ' £ is h t u j v - L U F CN 4 V Y T A P - . I T T " = T J M T 
C ON r - n i ! T l O M C ^ D , I A T D E R » £ A T M J ^ =. I.. A 7 I ~ m E I N DEGREE 
C 5 A N D ^ H . ' E C . L r r - D E C & 0 ' M T » \ = U N f : T U C E I N i C F G - E E ? 
C AND M P I U ' E S . O ' S T E - D f S T A N R E : / ,ST " r - r ? W !N K* !. 
C 0 ! S ~ N = r ! 5 T A N C £ ^ O P ' H OF 1 2 N I N * ' . I R H - BA'HYMF 
C T R Y I M K* F T 0 F > • MAG = ?»' = •': SUP f D MAGME" : C C 111.0 , "JANOM 
C = M A G N E T I C A N J M A L Y 

oi M E N S I or D i s T ( 3 R ^ ) T F i n n o o ) , J T I M * ) C ) , N A : I F < ' ) 
R E A D ( 5 , 2 ) NAME tCFP SET , HD^P I F,r:C 

2 F O R M A T ( 6 A 4 t ! X , F f . 0 , 1 X , F 5 . 0 f 1 X , F 5 . CI 

* - ] 
3 K = K + 1 

AC ( 5 9** ) f ( , J T I M C K I 
4 FUP f ' AT ( * 3 X , F 6 . 1 , 2 X , I 4 ) 

! F ( JT I.M (K ) . E 0 . 2 5 0 0 ) G O Tfi 7 
! c ( J T T M K I . E O . 2 4 0 ^ 1 GC 7 H 9 
F \ r . {K ) G+rns; 
I M JT I M { K ) . ' Q . 2 3 5 0 > C O ^ C D f - h O P P 1 r 

J T I ' (K ) . T O . H ' f t ) a - = ' T J ^ - K j C P r 
GO 3 

9 P E ^ ( 5 , r M ) CFPSET, HODP I F 
•1 F G ^ ' A T ( . 0 » F 5 . " ) 

C Q f ^ O F - S E T 
K = K - 1 
G n " 1 3 

7 K = l 
R r t t ( 5 , " ) n " ? 1. AT DC r » A T M p i , i jNOE G »ONM I N , 01 STEtOT < " ' • ! , T 

RATH f »'4G, 
lMAMf?^ 

1 p r- *• AT ( , l X, T 2 , 1 < , F<- . 1 . 1 * , T 2t 1 X, . \ , 1 * • F c . 1 T IX , r c . i f 

1X , 14 , 1 V . 
1 I 5 f 1 X f T ' ) 

i ^ * ( 3 • p i r p ' . u r w C ' T < r , L r K O L r M 0N«» T w f C T S ^ E I ^ T S T N I 
T £ A T H f

 r AG, 
1MAN0M 

R ' T H = I " . A T * 
n F P T H = B ^ T H / l 0 0 0 . 
D I G " ( K ) = D ! S T : 
W P I T F < ^ , 1 0 ) M A M r t 0 1 S T f K I , D E P T H j r c 

10 F iRM AT C *» A 4 f 1 5 1 t ^ . 1» 1 X f F 6 . 3 , I X , F - : 2 , 1 v ) 
1 1 K ^ K + ] 
12 PEAD( 5 , P) I T T M t L ' T O r G t A T M N , • r 'NDt , ON" T N • DI S T £ , f \ S T V , I 

P A T M , M G, 

BATH= I P AT h 
n = P T H = B - ' v T H / l D O O . 
D T S T ( K ) ~ r ' T S T E 
I F { I T T ' - 9 5 R 0 ) 1 7 , J 5 , 1 7 

17 W--TTE ( 8 , e ) I T P ' M . A T D f - ' G t A T ' . i i h t L C * n r r ; f CU" V\, 0 T S T i , n 1 ST N , 
I B t " H f v A G f 

1 M A N O H 

http://fp.ee


1 8 1 

! F ( J T [M( K ) - ' T J M ) ^ f j , I ^ 
13 W* H E ('->, 1 4 ) n K T ( K ) , [ ) E P ' H , 0 f 

nn T i n 
^0 w * : " r j n , l M r ) T c - ( K ) f o F P T h , f j r 

*U1 T l 1? 
, ' P J T E ( 9 t l ' ) *3 T STC K I vDHPTH 

16 F 0 R " . 4 T ( i H , F A . # i t ] y , F - . 3 , i x . t « ^ # . 0 N 1 V J 

W P I T f : C " » l h 1 ( P I S M I ) , I = ? . K ) 
18 F -IRMATIfr ( IX , Ff». 1 t l V , i Q . C M ) 

20 FOHMiVTClh f F 6 . 1 , I X , 1 1CC0CO0 1 / • D M 
Wc ! T " ( ? t 5 0 ) 

5 ? c n c ' i 7 ( i ,*i « ) 
N 0 = K - 1 
v ~ I ' F ( 3 , l ° ) N~ 

n ^ . W A T U V ) 
»' c I T c ( 3 , ? ? ) (FAG( I ) , T =? ,K ) 

22 c 3 " A T ( 1 ) ) 
rNC 



r n r r u T P F C G S A M r o c d*t\ C A R O C . 
I N P I P ) f ' NO = MD • f :F FREE A I i : GP \ V I ""Y ' /ALU c 

F * 0 < ! ) = I ' M F*?PE A I F G * A V J ~ Y VALUE • 
INPUT ON 7; r.i T C T G = 0 ! STANOc 'LONG i ' * " 70 r , r * V T ~ v a f ) T N 

B )G r R O U G H E R C n R F E C r i o ^ # 

IN^ iJT ON I T * H = T T M f . L * T O EG C I M = L < v 7 I T H " 5 E 
I f i F - G P L . E S AMf M I N U T L S . LOfcOEG i, UN'^TN = L n r j C I r i . » 0 £ I N 
D E G R E E M P ' ' N U T ' S . O I C - T £ = niSTA'-fCF 5 ^ S r OF L O N G . 
5>? VJ !M K M . ^ I Ĵ = P T S T A N R . « = K f f T H L A T . 1 2 N IN K M * 
I = M T H = P ' T H \ i r R ' V I f M f T R f S . ' *G = M t A f U P M ) M A G M F T IC 
V U U R . k-'.Ntnv = K^GNrT IC £ V v A L Y , 
0 1 *r.NSI.1M F *r , { ^ 0 0 1 

2 c 0 P M * T ( i 3 ) 
= E n T ( 3 , ? ) ( C A G < H • 1 * 1 , N O ) 

1 i="IR?'ATI 1 0 ( F 6 . 1 ) ) 
*~ l T E ( f c , M 

t> C O - " \ " < 1 H 1 , • T I M " LA~ LONG KMPAS T KHNJP R A T H Ap. 
* A G M . A H Q M 

1 F•A # 1 • ^ . G - A V « / ) 
P E * r ' ( ? t e ) L I $ T G , * O U G 
n 30 K = l i N O 

1 1 " F 4 P ( 8 f 4 l T T I M , I ^ T D E G , A TP I N r L OMDE G • 0 ^ T K 1 0 1 ̂  T L t ^ I S T f ' ? ! 

1 L ! L A R M 
- I 4 y l X t I 2 r l X t F 4 , l v 1 X 9 I 2 V 1 Xf F - 4 . 1 v l X 9 F 6 . 1 , 1 < , F6 . 1 , 

I X , ! 4 » I X f 

11*tiX,I 6 ) 
* E * r ( 7 , < ; ) r I STC,3JUG 

6 c n D M A T ( F 8 « 3 , F 3 , ? ) 
7 ? F ( P I STG-OT ~ T £ ) p ' f l O » ^ 
3 W P ! T = ( 4 , 4 ) I T IM f L A T0£ r f A "M I N , L n M O t - i , ON A; I N » 0 T T r , D I 7, M , 

I i J A T h f

 ;1 A r- • 

rt»ITi- ( ) I T I M ATDFG, " T * I F t L C N C E G t O N M T N # C I S T E t D I 5 T , - l 
, ! P ATM TMAG f 

1 » A N G * 1 
^ 0 F O ^ A T C I H , I 4 , I X , i 2 , 1 V , F 4 . I , 1 X , 12 , 1 K , F 4 . 1 » 1 Y • »=* .1 . I X , F 

6 . 1 f I X V T 4 9 ] X 
1 , I 5 , 1 X , I 6 ) 

p£ AP( :? ,4 l I ' I • , LA^Dr.G , ATMTNt LT-NOEGf C N ^ . ^ f 0 I S T E f OrSTN« f 

B A T , J * MAG , 
i « A N P : * 

G*) ' 0 7 
9 R E A D < 7 , U n iSTG ,POUG 

0 " 0 7 
I f . G ° ft*'=P A r ( M ) + R ' : . ' U G 

K " | T E I ^ f ? 0 1 T T T » ' , L A T D r G , A T M ' N , LDNDi G, " - , M r N , D I ~ T E , DI STH 
, I B A " " H , M A G • 

1 1 AN n M i F ; G < K ) , GPAV 
2 ) FORMA M 1H , 1 4 , IX , 1 2 , 1 Y i r * . 1 t L * t 1 2 , l * t M . 1 , 1 X , 1 , I X , F 

^ . 1 , 1 X , T A , 
l l X t I 5 f 1 X , I ^ t l X , F 6 . 1 , l X f F 4 ' « l ) 

W R I T E R , 2 2 ) 7 T I V f LATPFG, N, L W F G , O N ^ I , i l , 0 1 S " r E , 0 ! S T N 
t T P i T H , r! AG • 

1 M A N 0 M , F A G I K ) , G P A V 
2 2 c 0 R A T ( I 4 , l X , ! 2 f l X f F 4 - l , 1 X , ? ? , 1 X , F4 9 1 , 1 X , ~6 . 1 , 1 X , p S . 1 , 

1 x , ? , \ x , 
1 I 5 , 1 X , T 6 , 1 V , F 6 • 1 , 1 V , F 6 . 1 ) 

http://F-GPl.ES


5 * C ' - M I I I'Jf. 
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C Simple Magnetic Program. Written i n FORTRAN IV, t h i s program 

reads cards containing the lat i t u d e and longitude of each data point, 

the bathymetry and the t o t a l intensity magnetic f i e l d . I t puts out 

the magnetic anomaly, calculated using REGMAG, and the position of 

the data point on a kilometric g r i d i n longitude 6l° W and la t i t u d e 

12WN are the baselines for eastings and northings. Data should be 

fed i n as days. 

Input: 

Read i n on 
IDAY The s c i e n t i f i c day no. (on separate card). 

ITIM The time of f i x . 

LATDEG Latitude: degrees. 

ATMIN Latitude: minutes. 

LONDEG Longitude: degrees. 

ONMIN Longitude: minutes. 

IBATH Bathymetry i n metres. 

MAG Total intensity magnetic f i e l d . 

Output: 
t 

Written on 6 (Line p r i n t e r ) and 9 (Punch cards or any other f i l e ) : -

ITIM 

LATDEG 

ATMIN 

LONDEG 

ONMIN 
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DISTE Distance east of 6l°W i n km. 

DISTN Distance north of 12°N i n km. 
MAG 

ANOM Predicted value of Earth's f i e l d at f i x . 

MANOM Total f i e l d magnetic anomaly. 

ANOM i s not put out on 9- This program should be run with the 

subroutine REGMAG. 



O P I G I N A L MAGNETIC ANOMALY °RCGFAM. 
Ii>AY = 0 AY NO. . ITT?: = ? T *" E • L.ATtfEG ?, *7MIM = L A T T T U 
DE T'i n r o t AMH MI N U T ES • L r NDEG r, CNM T N = L r!U G I ™ 0 r 

IN OLGREcS \MO tfP'UTi S. IBATH = t- T HY^ETC Y I N M E " E S . 
•1 AG = "fcASUPcO MAGNETIC VAL 'JF . 

1 3 = * D ( 5 , 2 ) I O \ Y 
2 F.jpp A T ( « V , I 3 ) 

| T r ( A f ? ! ) ] - A Y 

2 1 FR»P'v;v?< 1 H j f i ;*),\Y« , ! 3 ) 
4 P I - E ( * , ? ? ) 

22 Ff)f*MAT ( 1 Hi f 1 T T f E 1 i 2X , • L A T PE • t ^ X , • LCNGDr .• , *X , ' * " * A S T ' , 2 

1 2 X , " t A G V A L N 2 X V »!•'AP.THF • , 2 X , • PfcS I P * ) 
D A Y - T D A Y 
)A"E= 1 J 7 1 + 0 A Y / 3 6 5 

3 % i=AO( 5 , 4 ) I T T ' / , |. ATOEG f A T ^ p j f LCNDEC, ON^ T N , • P AT' J f M A G 
* F O P " A T ( I 2 X , I 2 , 1 X , P ^ . C » 2 X , I 2 , 1 X , F ^ . 0 , 2 X , I ^ , 2 X , I * ) 

T c ( 2 5 0 W T I M > 2 0 , 1 , 5 
r Y L A T = L ATt>EG + A T ^ p ! / 6 J 

YLON = - ( LONPEG + HNMI N M C ) 
CALl EG*« AG( Y L i 7 " , Yl 0 ^ , 0 A T E , ANOM ) 
D I S l c = t 6 2 + Y I . T M >c : r ( Y L A T v - 0 . 0 1 ^ 4 c ) * C . 0 * *C . 3 0 * 8 * * • .. 
D I S T N = ( Y l A T - i 2 ) * - . f * e * C 3 0 4 8 
I F ( M A G # £ Q # o . ) GO T^ l c 

MAG=MAG-10 
MAN1 »M=M AG-ANHM 
WD I T ^ ( 6 , 1 0 ) I T I*-S i AT HCG t AT w t N, L CNDE G , ONM I N , D i ST F , D I f.TN 

i M AG » ^ C " , 
1 1 •--

P FQPMAT(1H , 1 4 , 2 X , T 2 » I X , F ^ . i , 2 X , 1 2 , 1 < , F 4 . 1 9 2 X , r 6 « L 2 X , F 
6 . 1 , 2 X , I 5 , 

1 3 X , F c . % 2 X , I * ) 
. WRITE ( 9 , 1 1 ) I T I H t LATDEGt ATM? N, LCNCFG, CNM IN, " " I S " - . 0 I STN 

, T B * TH ,MAG • 
lM'\'.,Qy 

11 FQRf/AT ( T /, t 1 < f I ? , ] v , F i . , 1 , IX , 12 , 1 X , F/-. 1 , IX , F6 .1 • IX , F-. . 1 , 
I X , I 4 f 

1 1 X , T 5 , 1 X , M ) 
GO " 0 3 

15 4R7T£ l o t l r - l 17 I v , L * TOEG, f TM I N , LON[ E G , 0 N M I N , ' M V . , 0 1 STN 
, ^NO?'. 

1 - F n p M A T U H , I 4 , 2 X , I 2 , l v f F ^ . l , 2 v , T 2 , l X , f ^ . l , 2 X , ^ . 1 , 2 V t F 
f » , l , ? X , 1 * * * * 

1 • , 2 v , r 6 . C , 2 X , ) 
tf* I T E < 9 f 1 8 1 I F I ' M .ATHEGf A < , , T P'.LOr-DEG , r f r » N, DI STF . [•! S T N 

, IBATH 
19 FORMAT( I A , I X , 1 2 , I X , F 4 . 1 , 1 X , I 2 , I X , F 4 . 1 , IX , P A , ] , 1 y , F f t . l , 

1 ' 11 '*) 
GO T P 3 

20 CALL eXT^ 
r : M0 
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Appendix C 2 . 3 

A program written i n FORTRAN IV to do low pass f i l t e r i n g using a 

SINC function window. Window length i s ten times the cutoff frequency 

The f i l t e r e d function produced ends half the window length from each 

end of the record, unless the record i s a r t i f i c i a l l y extended by that 

amount. As l i s t e d the program i s adapted to f i l t e r long wavelength 

anomalies and distances are divided by 10 i n the statement following 

statement no. *f. Input data need not be evenly spaced. 

Input: 

Read on 5 :~ 

TITLE Up to kO i d e n t i f y i n g characters. 

XD(I) Distance to I t h data point. I f XD(l) i s less than 

-9000 data input ends. 

YV The value of the function to be f i l t e r e d . 

W The value of another function which may be used to 

modify YV. 

F Cutoff frequency. 

Output: 

Written on 6:-

0(1) I t h f i l t e r parameter. 

SIM Value of integration along f i l t e r e d record. 

The record, the f i l t e r e d record, and the residuals are plotted on 

the l i n e p r i n t e r by PLOTX, and on the p l o t t e r by GPLOTV. The program 

must be run with subroutine SPLINE. 



C A PROGRAM TO DO LOW PASS F I L T E R I N G . 
C T I T L E IS A NAME OF UP TO 40 CHARACTERS: XD I S AN AFRA 

Y HOLDING 
C THE X VALUES OF THF INPUT DATA : YV I S THE VALUE OF TH 

E VARIABLE 
C AT EACH P C I N T : VV I S THF VALUE OF ANOTHER V A R I A B L E OR 

CONSTANT 
C USED TO MODIFY YV I N ANY RELATION SHIP WHICH MAY BE WR 

ITTEN AT 
C STATEMENT NO 4 # : DATA IS ENDED BY A VALUE LESS THAN 

- 9 0 0 0 IN 
C THE XD POSIT ION : F I S THE CUTOFF FREQUENCY. 
C TH IS PROGRAM NEEDS TO BE RUN WITH SUBROUTINES S P L I N E , 

PLOTX, AND 
C GPLOTV. SPL INE IS ESSENTIAL BUT PLOTX OR GPLOTV MAY B 

E OMITTED 
C DEPENDING ON THE FORM OF OUTPUT DATA REQUIRED. 

DIMENSION 0 < S 0 0 ) , X D < 5 0 0 ) , Y D { 5 0 0 ) , Y < 7 0 0 ) , D ( 7 0 0 ) , Z ( 3 , 7 0 0 
I v T I T L E t l O l f 

1 F A Y I 3 ) , B < 3 ) , X U N I 3 ) , Y U N f 3 , 3 ) 
DATA XUN/«TENS OF K M * / , Y U N / 1 MEASURED F ILTERED RE 

SIDUAL • / 
R E A D ( 5 , 1 0 1 ) T I T L E 

1 0 1 F 0 R M A T U 0 A 4 ) 
1 = 1 

1 D E A D ( 5 , 2 ) XD<I ) , Y V , V V 
2 F 0 P M A T ( 3 3 X , F 6 . 0 , 2 5 X , F 6 . 0 , 1 X , F 6 . 0 ) 

I F ( X D ( I ) + 9 0 0 0 ) 5 , 5 , 3 
3 I F ( Y V ) 4 , 1 , 4 
4 Y Q ( I ) = Y V 

X D ( I ) = X D ( I ) / 1 0 . 0 + 1 0 0 0 , 0 
1 = 1+1 
GO TO 1 

5 1 = 1 - 1 
CALL S P L I N E ( X D , Y D , Y , I , N P , I Y , I Z , 1 . 0 ) 
R E A D { 5 , b ) F 

6 F O R M A T ( F 8 • 0 ) 
S I M = 0 . 
WL = 1 0 / F 
K H = 5 / F 
K = 2 * K H + 1 
C = 3 . 1 4 1 5 9 / K H 
C V = - 3 . 1 4 1 5 9 
DO 10 1 = 1 , K 
J= I - K H - 1 
I F ( J ) 1 1 , 1 2 , 1 1 

12 0 ( I ) = 2 * F 
GO TO 9 

11 0 ( 1 ) = ( 0 . 4 5 * C O S ( C V ) + 0 . 5 5 ) * S I N < 2 * 3 . 1 4 1 5 9 * F * J ) / ( 3 . 1 4 1 5 9 * J 
) 

9 CV=CV+C 
10 CONTINUE 

N 0 = N P - K H * 2 
DO 50 1=1 ,NO 
L = I + I Y - l 
SUM=0. 
DO 40 J = 1 , K 
S U M = S U M + Y ( L ) * 0 ( J ) 

4 0 L = L + 1 



Z ( 2 , I ) = S U M 
SIM=SIM+SUM 

50 CONTINUE 
DO 60 I = 1 , N 0 
J= I -t-I Y4 -KH-1 
DC I ) = J 
Z ( 3 , I 1 = Y I J ) - l l 2 , 1 1 

63 Z( 1» I ) = Y< J ) 
W R I T E ( 6 , 6 5 ) <0 ( I ) , I = l t K ) 

65 FOR W A T { l H l t 1 F I L T E P P A R A M E T E P S 1 / 1 H 0 , ( 1 0 F 1 0 . 4 > ) 
W R I T E ( 6 * 6 4 ) SIM 

64 F O R K A T U H O , ' INTEGRATION = * , E 1 3 . 6 ) 
CALL P L n T X ( D , Z , 3 , N O , 1 . 0 , 0 . 2 , - 1 . 0 ) 
FAX = 0 . L 9 6 8 5 
F A Y ( 1 ) = 0 . 0 1 
F A Y ( 2 ) = 0 . 0 l 
F A Y < 3 ) = 0 . 0 l 
B < 1 ) = 4 0 0 . 0 
B ( 2 ) = 4 0 0 . 0 
B ( 3 ) = 1 0 0 . 0 
CALL G P L 0 T V ( 0 t Z t 3 t N n , F A X , F A Y f B , T I T L ^ t X U N , Y U N ) 
S T 0 P 
END 
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Appendix C2. k 

A program written i n PL1 to translate paper tape containing magnetic 

data abstracted from the output tapes of the automatic data logging 

system of HMS HECLA, 1971. The values on the tapes are at one 

minute intervals and the program puts them out on f i l e , f i v e to a 

l i n e so that each l i n e begins with a ten minute or f i v e minute 

value. The program i s written to detect and correct for errors or 

absence of data. 

Input: 

Eight hole tape punched i n HYTIP code. Tape contains time, 

la t i t u d e and longitude, and t o t a l intensity magnetic f i e l d . Latitude 

and longitude can be i n error and are not used. 

Output: 

On FILE YY which must be assigned to a device or storage when 

running the program:-

ITIM Day number and time, i n a f i e l d of eight. Last four 

spaces contain the time. The f i r s t four give the day 

every hour. 

MAG Total intensity magnetic f i e l d value. 

FILE XX i s a temporary storage f i l e and must be assigned filespace 

when running the program. 



/ ff \« \ f,; i ; T j c c T Ap £ T Q J * J SL A TOP 
H v ^ r . M r - ' T f ^ P * T A P M PPOD'l 
* L I G G T ^ G SYSTEM T A P F C P P 

W F " S R 

WI 

T T 
i f AND MA^JETTC VAUJ 

E < YY) • ( X X ) T S A T 

PIC 0P7 I0N C < " A ! * ! ) 
OCL Y ( 0 : ? 5 ^ ) r H A r ( 1 

OCl R P 

• t 1 • 

t , t «M , 

1 » 1 ' 

'« • . • R • 

' f 1 ' 
1 , ' ' 
S 1 1 

! • t f 2 

f » ' 1 

• f 1 • 

» . » • 

« . i 

s • 

r • 

• T 

i f 

t f u 

0 ' B.) 2 

MPGR A 

1 I M I 

T P / f \ ' S > • Tfc 5 P A P E R T *• 
Cf'D F*- 1 1 T A U T * , T I C 
0* HMS M E C L A . P I T S nu 
T * - * ! M I N U T E fNTER VA» 3 0 

Y S " O P ' . G E F I I E . * / 

( 

V 

M 

r H A P { 

TP EAM, WPD CHAc ( i ) . 
F i y c ^ « i j m i ; 

*DS) r-OTO 

! r ( 1 ) IM I T ( 

^ C L XX F ILE STor 
D C L YY F I L E n i J T P ' j " c 

O C L ( I T I M • AG 1 1 0 f I J) 
H N F - i O f - I L E ( ST 

G F T F P I T ( C A P O ! ( M R O l ) : 
C A P E S ' • ; 

K = 1 ; 
L 1 : GF T ? n i T ( C H H A< 1 ) ) ; 

I N = U M S P F C ( C H ) : 
SUPS TP ( CAP Dt K f 1 ) = v( IN ) ; 
K - K + l ; 
r c K>BC T H E N nn; 

^ U T F I I . F ( X Y 1 F n r T ( r \ r , n } ( M p 0 ] ) ; K r- ] • 
CAP L = • ' : r " i n ; 

G n - n L. 1 ; 
R >: C HSF F I I - ( XX ) : 
0 P 5 N r T L F ( x y | I M p y T : 
ON F'JL) F I L *E ( X X ) GO T r " Z; 
J - i ; 

) ; 

) T C H C H A P U ) ; 



L - l : 
nn T = 1 - N 10 ; 

GrT P T LF ( Y x ) |_ !ST ( I T ' S A r S A-Mt UD» r M , P ) ; 
T P M G O ( I T S 1C ) - 0 T M P M G ) T " ) r, ; 

• :MH ; 
F : G £ T F T L * ( v Y ) L T 5 T < I M t £ £ t A M t n C t PMf M A G ) i 

G: l«= Mnn( T - I * ? , l u O : C 1 = ?0°0 r , 1 T = l *"A 4 ; 

I P ' ^ r . < 300 jC T H L f'» n n : 

ALL ^ n < I T v » M A G ) ; 
!= 1 + 1 ; 

ENS ; 
P U T FTLrCYY) E N T T ( I T I V , A G I < X ( ? ) • C ( 0 ) » X ( 1 ) , F ( C ) ) 

00 WHILE( J<60 ) ; 
GET F ! L r { Y Y ) L T ^ T C I T T M t A P f A ^ f ' 1 n t n W t M A G I ; 

T F M.AG < 3 r ; C n r " H * N nn : 
CALL D B P ( T T T M , M A G ) : 
J = J + l : 
p u n : 
1 TI? = I T T M - 2 ' »"r ; 
C U T F R - ( Y Y ) F P I r ( I T T « # M A G ) ( * i 2 » t F ( 3 ) t X ( 1 ) * F ( 5 ) ) 
J = J + 1 ; 

rNQ; 
J = l ; 
GET F I L E ( X X ) L I S T ( I T ' M * A n f A*S HO t m - V ' A G 1 : 

T F <-*n < ?oo :c " M . - N no ; 

r ; L L DBP( I R V S M A C ) : 
L = L + 1 : 

EMI ; 

PUT c TLEf YV) EOTTf I ' I M , M A G J {X ( ? ) , r ( P ) , x ( I ) , r ( 5 ) ) 
no »?HH F ( L < 1 ? ) ; 
G L 7 PTLP<XX) L T S T I ! T T , - ,

f A n , A ? , » ^ 0 t G M t , ^ - G 1 : 
I r M * G <- 3000C T H E N -nn ; 
PALL P^Of I T P ' f M A G ) : 
L=L + 1 : 
FMfl : 
r T I r M + * V i : 
D i r F T L c ( V Y ) f <M T J I T t w , » i A G ) ( X ( ? ) t P (8 ) .X (1 ) f n ( 5 ) ) 
L = L + 1 ; 
EUO : 
L = l ; 
Gu Tn F ; 

DPO: "FnCEDLF P ( I^TM t M A G ) ' 
uCL ( r r ' t ^ ' ^ ) FT XEr- P.TM< 31) ; 
•4AGO ; I T ! M = 0. ; 
p . , r P T L - ( V V ) f D I ~ ( I T T * f-' C ) ( X (? ) , F <q ) , X (1 ) , F ( 5 ) ) 
PFT « = I L E ( X X ) L I r ; T ( r : U p » B ! P H ) ; 
r.p K = l T H 1 2 ; 

G E r F I L r ( XX) L I S M V ' - L ) : 
I r \/AL > 30CPC T H C k nn T n T ; 
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Appendix C2.5 

A program written i n PL1 to read d i g i t i s e d magnetograms and put out 

values of the v e r t i c a l and horizontal magnetic f i e l d at ten minute 

intervals for the two stations used. Each magnetogram was d i g i t i s e d 

using the DMAC table and a transparent plastic overlay was used to 

align each magnetogram with fixed marks giving the distances between 

known values. 

Input: 
From FILE XX after f i v e hole paper tape i n E l l i o t code has been 

translated by program CLT9:DCL99SPL. 

PBZ Base value of v e r t i c a l f i e l d at f i r s t station. 

PAZ Value to which the v e r t i c a l variations are to be 

referred as a zero. 

PFZ Number of gammas between two points YP and BP on the 

scale of the v e r t i c a l f i e l d . 

PBH Base value of horizontal f i e l d . 

PAH Value to which the horizontal variations are to be 

referred as a zero. 

PFH Number of gammas between points YP and BP on the scale 

of the horizontal f i e l d . 

XP, YP The coordinates of a point at 0 hours on the bottom of 

the magnetogram. 

AP, BP The coordinates of a point at 2k hrs on the top of the 
magnetogram. 

XZP,YZP Coordinates of a point on the baseline f o r the v e r t i c a l 

f i e l d . 
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XHP, YHP Coordinates of a point on the baseline for the 

horizontal f i e l d . 

SBZ, SAZ, SFZ, SBH, SAH, SFH, XS, YS, AS, BS, XZS, YZS, XHS, YHS 

are the corresponding quantities to thoseabove for the 

second station. 

IDAY The day number of the two magnetograms (one for each 

station) that follow. I f IDAY = 500 the program ends. 

XD,YD Points along the curve being d i g i t i s e d . They need 

not be regularly spaced, but should adequately define 

a l l the maxima and minima and points of i n f l e c t i o n . I f 

XD i s set to a value greater than 10000 the program 

proceeds to the next curve. 

Output: 

On FILE ZZ:- the day no. followed by the values of v e r t i c a l and 

horizontal deviation from normal every ten minutes, spaced alternately 

v e r t i c a l before horizontal i n l6F(5,0), f o r the f i r s t station. 

On FILE YY the output f o r the second station as above. 

This program must be run with subroutine SPLINE, which i s a cubic 

interpolation routine producing values at regularly spaced points. 



/ * F"E AOS r i G I T T S t n M&GNFTQG& * K ' f P-'POUCF? V A U ' E S ° F 
V . ^ ' I C A L : NO W P P T Z C M T A L F T E L C r A R T t .M ' ' T M U T E I ^ E P V - M S 

p * z = P A S T O W H I C H V E - < ~ T C H V A L U E D A ^ F R F ^ P E D 
F I P f T M A G h E T C G P A M . P A Z ME A * V A L U E &T c I A r I ° N n» ; U S ' ; 

T 0 WHICH OITPUT V A L U ' ' W T L L B F F C F t * * i : 0 . D F Z r AC TO"*' 
T r CONVJ RT !?!$~ANCEf. F , M M A r / j f c T W / ^ TO r a ^ M A S . 
P * H , PAH, PPM ART. S I M U ? ? U A K I T P T r.S FOF HHP I Z OUT A!. 

F T E L D . J C Z , SAZf S F Z , S B H f

r A H t

 r . T * I L A ? L Y FOG 
SECT ID GLT^AGMf 1 ! C S T ' T K . N . r . 'H ' f nPHT PA r * M F _ T £ C S 
REFC- T O POINTS ON D I G I T I S I N G O V ' ^ L A V S H c E T • * / 

P F C ! * A G : P H i f r p T ! C N S < ^ A T N I ; 
DC L n Z ( 150 ) F l n / , - f

 D D< 1 ̂ 0 ) FLOAT* PH ( 15 ' 1 FLOAT, np ( i 50 ) F i _r>* 
R - 7 ( I S M 

F L O A T , S0( 150 ) F L O A T , S M ( l ^ O ) F L r £ T , S : ( 1 5<" ) F L 0 A F Z D ( 1 5 '•"» 
) R - "L ; ~>A^, 

H P ( l ^ O ) c L G * " T t Z S U 5 D ) F L O ' . T F H £ < i e , 0 ) Fl O A " , V < 1 5-») F L R I A ' R 

0 ( 1 5 0 ) F L O AT t VH( 1 5 r ; ) FI. H " T f tJH ( I S O ) FLOAT ; 
•-KL ( I t l Y t l / f N f . ) FIXED BIN ( 31 ) : 
O C L xx F I L F T N D U T S T F E A M ; 
D C L Y V F I L F nuTPi r S 7 C R- * M ; 
OCL II FTLE O U T P U T S T F t A V ; 
G E T F I L E I X X ) L T S T ( P R Z » P A Z f * C Z « P C H , » A H t P F H , SBZ F S A Z , S F Z , 

S B H f S ' - H , S F H , 
X ^ Y P , ^ , P D , Y Z r , Y / F f X H S y H D , y S , Y S , £ 5 t I J S f / Z ^ v Z : T ^ S , Y H 

r> ; 
H P P s l / i»/ ( A P - X P ) ; 
7 F P = P F Z / ( B P - Y P ) ; 
H P P = P F M / I P P - Y P ) ; 
; ) F S = l 4 4 / ( A S - x f ) ; 
Z F S = S F Z / ( B S - Y S ) ; 
H F S = S F H / f p s - Y S ) : 

^ ' ; = T F I L E ( X X ) L I S T ! I O A Y I ; 
ir- TQAY = fCD T H E N G O T'"> C : 

P l s 6 E T F I L F ( X X ) I . T S T ( X O ) ; 
I F XD > l C ' O O T H H C.r T r : 
GET F I L E ( X X ) L I S T < Y D ) ; 
T - XO = XT THi-N G P T r f.U ; 
< T = X D ; 
I = T + 1 ; 
P M T L - S T ( I v X D f Y D ) ; 
P Z ( I ) = Z F ? * { v f - Y Z P )+PR7 : 
P O ( I ) - O F P * ( X O - X P ) + l : 
GO ~0 R I ; 

P . 2 : I F P O ( 1 ) > 1 . n - " H E ^ no ; 
P 7 { 1 1 = P Z U ) - ( P Z ( ? ) - P Z ( 1) ) * < D O C 1 ) - I . 0 ) / ( P C C 2 > - ° ' M 1 ) l : 
P M l ) = l . c ; 
E N C ; 

CALL C P1. T M E ^ P O d ) t P 7 ( 1 ) • Z P ( I ) t I ? M C , I Y , T Z • 1 . C E O ) ; 

D 3 : G E T F I L E ( W ) I . T S T ( X D ) ; 

T F vf) > 1C 000 THEN GO 7 0 °A : 
G E T F I L E ( X X ) L I S T ( V Q ) ; 
T(= XD=X'i T H F N G'"1 ~ P ? ; 

X T = X O ; 
; = ! + ! ; 
PLT L T ST ( T , X D , Y R ) : 



° E ( : ) = O F P (x i - x P ) + i . 0 ; 
0"- T i B 3 : 

r l I F P F ( 1 ) > TH:N 0 0 : 
P H ( 1 \ = PH( 1 ) - ( t>H( 2 ) - P H I I ) ) * ( o r ( 1 ) - l . 0 ) ' (PF (2 ) - P E ( 3 ) J 
P ? C l ) = l . o ; 
E N O ; 
C A L L S P L I K - C C p c C l ) ? PHI 1 ) t H P C l I • I t Mr f T Y F I Z t l ..".EG 1 : 
T _ r . * 

5 :G5T F I L L ( X X ) L I F T ( X D ) ; 
I F X0 > I O C GO n r ' N r 0 R > ; 
G_~ c I L E O X ) L ! $T( Y'.")) : 
I c xn = xT T H c N GO T f R5 : 
<*=xo ; 
I -1 + 1 ; 
D L T L I S T ( \ , x n f V P > ; 
>/{ i ) = Z F S ' ( Y o - Y Z ^ ) + s n z ; 

S C ( I ) = D F S * < X D - X S I + 1 . 0 ; 
GO Tf l -3f-5 

•? : TF SO ( I I > 1.0 ~ H L N D C ; 
S Z ( 1 ) = S Z ( 1 ) - ( S Z ( 2 ) - ? Z < 1) ) * < S D < 1 ) - l ) / ( S 0 ( 2 > -S0( 1) I 
m 1 ) = 1 . 0 ; 
*wD : 
NC=C ; i v = ' ; I Z = 0 ; 
CALL S? L I f E ( Q 0 ( 1 ) , SZ< I ) ,ZS ( 1) • I , N C f I Y . I Z F 1 . O F > ; 
1 = 0 ; 

7 : G E T F I L F ( X X ) L I S T CX^I ; 
IF XD > 10000 T H R N G O Tn ; 
GET C T L E ( X X ) L I S T < Y O ) ; 
j p XD = XT T H E N G r ' TQ p? : 
X T = X O ; 
l = * + l ; 
P O T L I S T ( I , x n f v n i ; 
f i l l ) = H F S * ( Y L > Y H S ) + S P H ; 
S E ( I ) = O F S * ( v p - X 5 ) + l - 0 ; 
0"? T o r*~' : 

« : I F S M I ) > 1 . 0 "HEN' 0 0 ; 
S M ( 1 ) = ^ ( I ) - I ^ H ( 2 ) - $ H < 1 > ) ' < <F( 1 ) - l . ) / (SF<2 ) - 3 E ( 1 ) ) 
s p ( n * i • ? ; 
tNO ; 
f ALL c - * \ IN ' " (SEC 1 ) t SH( 1 ) ,HS( I I 11 fMC f J Yf I Zt i . r ~ r : ) ; 
P!J T F T L c ( Y Y ) E D I T ( I D A Y ) ( c ( 3 ) ) ; 
P!JT F I L E ( YY ) SK I P f 1 1 ; 
P U T C T L F ( Z Z ) 01 T ( I ^ A Y | ( F ( M ) : 
P O T F I L . ( 7 Z ) SKIP< 1) ; 
' ) ' ' 1=1 T P 1^4 ; 
V< I ) = Z > ( T ) - * , * z : 
V H { I I - H S I I ) - : 4 H ; 
U ( ! ) = / ° ( T ) - P A Z ; 
UH f T ) = H P { ! ) - P A H ; 
PUT F J L L ( Y Y ) C T T t < V ( I ) , V H ( T ) ) C F ( ? • O l t F C S . C ) ) ; 
P I P F I L M Z Z ) E T I T C L ( I ) f U H C I M ( H 5 . " ) , p ( r . 0 ) ) : 
F" i D ; 
o n TO A ; 
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Appendix C2.6 

A program written i n FORTRAN IV to compute the magnetic anomaly from 

the measured magnetic f i e l d and the predicted magnetic f i e l d from the 

IGRF and the variation i n f i e l d measured at two geomagnetic observatories. 

Input: 

Read on 5 : -

NDAY Number of days of measurements. 

PLAT Latitude of f i r s t geomagnetic observatory. 

PL0N Longitude of f i r s t geomagnetic observatory. 

SLAT Latitude of second geomagnetic observatory. 

SL0N Longitude of second geomagnetic observatory. 

DIP In c l i n a t i o n of Earth's magnetic f i e l d i n area of survey. 

(These parameters appear at the front of the deck.) 

KDAY The Sci e n t i f i c day number of the following data. I f MDAY 

= 500 the program ends. 

ITIM Time of measurement. 

LATD Latitude: degrees. 

ATM Latitude: minutes. 

LOND Longitude: degrees. 

ONM Longitude: minutes. 

IBATH Bathymetry i n metres. 

Read on 2:-

IE(J) S c i e n t i f i c day number of Jth set of data from the second 

geomagnetic observatory. 

EV(l,J) Value of the variation i n the v e r t i c a l f i e l d at the second 

geomagnetic observatory on day IE(J) at 1 x 10 minutes. 
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EH(I,J) Value of the variation i n the horizontal f i e l d at the 

second observatory on day IE(J) at I x 10 minutes. 

Read on 3 are ID(J), DV(I,J) and DH(I,J), which are the 

corresponding values for the f i r s t geomagnetic observatory. 

Read on 

JTIM Time of measurement of magnetic f i e l d . 

IMAG Measurement of t o t a l intensity magnetic f i e l d . 

2 reads the output on FILE YY of C2.5- 3 reads the output on FILE ZZ 

of C2.5. k reads the output of C2.*f. 

Output: 

Written on 6 are the inputs on 2 and 3« 

Written on 6 ( l i n e p r i n t e r ) and 7 (punch or other f i l e ) : -

ITIM 

LATD 

ATM 

LOND 

ONM 

IBATH 

IMAG Total intensity magnetic f i e l d . 

MAG Total intensity magnetic anomaly. 



C ' ^ S U ^ F M E N T S , I N D U t ON : NO AY - MO, O c P A Y S . A T f> 
C H _ n " ' , 0 - - H . : LATITUDE AN0 L^ f iG I ""UDC OF THE ] S T GrOM&GN 
C r T T C R , T A ~ ? O M . S L ' » T F SI ON A P E I A T . 'NO LONG. OF ?\ \n 
C ^ n v ^ ^ r " - J C S T M I P N . = I Mf L T N A T T PN F E A P ~ H , C 

C P l t l . H I N F F 0 1 7 \i *> F MP A ^ I J P E - ^ - M T . , M OA Y I S T r \ ' T I F I 
C 0 0 A Y M O , n\i W M j r n T H " * A G N r T IF, V^L'IC-.? W R - t E A S ' » c EO . 
C I -T?i - " I N E . L ' - T O r. ' A - E 0 f G r ' F E F S A N D " T " H T : S H F I 
r \ T T T H P . E : * T Tu| - n . - |S I " r T r N OF v T AS».1P E '4 f • LOMO & M'JM f . P P 
(3 OEG^EFS R. M I N U T " S OF L O v r - T T U D * . I F ^ ' M * R

 T M F F A T M Y N E T C 

T Y , T ^ D M T PM ? : T p_ = riAY N O . r F l r T G r ; r< - 'AGNE T • C S T A ^ I 
C I N . R V ( T , J ) = T T H V A L U E ~1'0 M I N T * i N T g P V f L S 0 F 7 H 
C £ V e c ~ I C n F I p l D OM THE J T H PAY. E M I , J ) S I M I L A R L Y R 0 
C P H P " I 7 0 N T A I c I c L n . INPUT Ofj I D , T V , OH A C r T H - f 
C \ f O U A N - T - ; £ $ A S I E , p v , f"H Q M Y FO- 2 MO GEO'-' *FUET I C 
C S T & T I F K INPUT P M 4 : J ^ J V = T I M £f , ! ! G MEASIJPPO 
r MAGI ' -T JC VALUE. 

D T F N S - ON Tn( o ) f n v ( <) , U H ( ISO f 9 ) , I r ( c ) » EV( 1 5 0 , ° ) . F H 
( 1 * 0 , C ) 

«? E A 0 < r , 2 ) • J r) A Y , P L A T , P L G N , S L A T , S L 0 f J , 0 T P 
? F 0 H '* ~( I 2 / 5 r 1 0 . ) 

1 T p = n J , r i ~v.c 
C n n = r o ~ ( r \ r ) 
r T c, TrJ ( D IP 1 
0 * 3 J = l , ND AY 
R- E > 0 ( I '£ { J ) , ( E V ( I , J ) , C H < T f J ) , I =1 , i ) 

T 0 ( J ) 9 ( D V ( I t J i t ^HC Jy J i t 1441 
,- P 0 O M / 4 T j I 3 / ( 1 6 F C . " ) ) 

^ = 112 ) I o ( J ) t ( n V { I » J ) t 0H ( I , J ) »I - 1 » 1 4 4 ) 
I T F (6 , 1 1 2 ) I !f ( J ) • ( P V ( I , J ) , F H ( 1 J ) , I = 1 f 144 ) 

11? P-lRM&TC ! M l f ! ^ / < l < : , F 5 . 0 | ) 
3 r 1 N T ! MJE 
3 - F A 0 ( -1 6 ) WD \ Y 
S F0->»'!.T( 3X» ! ^ ) 

I c ( v r ) A Y . F o . ^ O O ) 00 T0 3 " 
M ! N G = (M O A Y - i 0 )+r-. 7.Z 
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DATA CARDS 

The outputs of the reduction programs were combined to give a set 

of data cards giving on one card a l l the geophysical data for each f i x 

position. The format of these cards i s given below. 

YEAR, DAY, TIME, LATITUDE (DEGREES),LATITUDE(MINUTES), LONGITUDE(DEGREES) 
I^,LX,I3,1X,I4,1X, 13, I X , F^f.l, I X , Ik, I X , 

LONGITUDE(MINUTES),EASTING(KM),NORTHING(KM),BATHYMETRY(METRES), 
F ^ . l , I X , F6.1, I X , F6.1, I X , J A , I X , 

TOTAL INTENSITY MAGNETIC FIELD, TOTAL INTENSITY MAGNETIC ANOMALY, 
15, I X , 15, I X , 

FREE-AIR GRAVITY ANOMALY, BOUGUER GRAVITY ANOMALY(2.0 gm cm"5) 
F6.1 I X , F6.1 

A l i s t i n g of the program which compiles the data cards follows. 

Input: 

IYEAR The year of the survey. 

IDAY The s c i e n t i f i c day number. 

CLAT The central l a t i t u d e of the survey area. 

IT The time which w i l l signify a change of day. 

Other input variable names have the same meaning as i n the data 

reduction programs. 
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Appendix C3-1 

A program wri t t e n i n PL1, to make l i n e drawings of seismic 

r e f l e c t i o n p r o f i l e s from d i g i t i s e d r e f l e c t i o n records. The records 

are d i g i t i s e d using the DMAC table. The record must be aligned 

horizontally with the table before s t a r t i n g . This i s best achieved 

by using a straight edge (not metallic) on the bottom of the record. 

The record i s d i g i t i s e d by the following each r e f l e c t i n g horizon 

with position indicator. 

Input: 
On FILE XX af t e r f i v e hole tape i n E l l i o t code has been 

translated by CLT9:DCL99SPL 

BEC Reflection time i n seconds at the top l e f t hand corner 

of the record. 

BX,BY The coordinates of the top l e f t hand corner. 

CX,CY The coordinates of a point 3 seconds down from the top 

l e f t hand corner. 

DIST The distance between the top l e f t hand corner and any 

point near the top r i g h t hand corner i . e . the distance 

travelled by the ship. 

ZX,ZY The coordinates of the point near the top r i g h t hand 

corner. 

X, Y The coordinates of a point on a r e f l e c t i n g horizon. 

I f X = 11111 and Y = 0 the p l o t t e r w i l l move with the 

pen up to the next jpoint. Used when one i s changing from 

one ref l e c t o r to another. 
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I f X = 11111 and Y = 1 then a change i n the delay time 

DEC on the record i s indicated and the next time read DEC 

i s the amount of change i n the delay time. 

I f X = 11111 and Y = 11111 then a horizontal s h i f t 

of the record i s indicated, and the x value of the last 

point read i s taken to be the new zero value and should, 

therefore, be moved to the position of zero. i . e . 

the same value as BX. 

I f X = 11111 and Y = 55555 the program i s directed to 

read i n a new i n i t i a l data l i s t . (EEC,BX,BY,CX,CY,DIST, 

ZX,ZY). To be used when d i g i t i s i n g more than one record 

on the same l i n e . 

I f X = 11111 and Y = 22222 or any other value not 

previously used, then the program ends. 

Read on FILE SCARDS:-
NAME Up to 80 i d e n t i f y i n g characters. 

IL The number of characters i n NAME. 

FAX The scaling i n the x direction on ,the p l o t , i n inches 

per user u n i t . 

FAY The scaling on the plo t i n the y direction, i n inches per 

second. 

DTM The amount of seconds delay at the top of the p l o t . 

DS The distance at the beginning of the p l o t . 

XLM The maximum length of the p l o t , i n inches. 

Output: 

A l i n e drawing on pla i n or graph paper from the p l o t t e r . 

The program must be run with *PL0TSYS followed by a run of *DURPLOT. 



/ * ^ " 0 S r i G ? T T 5 F 0 C-EJV-'TC P E F L R f 7 T O N SECONDS D P L n-T 
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> - r - P - F L c ~ ~ I P N T I » E A T T H £ r n p i £ F T H / . N D C O R v r p . 
- u , ^ Y x , Y r n n P D T N A T E S t L H T 

C x , r y ^f?i x , Y m n P [ i i N A T E 3 A T H < ~ . 
"M S~ - n y ~ T . V i C r P L T \ - ^ E N I , n r » I T 10:1^ * T TFLC A M n T P H f 
Z X T / Y APE x , v r -)nr f» T \t A - ~ c O F T p H P 

X * N n Y C " » O r - n i N A T C 3 OF p n j M T - «i.p':~ £ ^ F F L E C r n j : « 
1 1 i n i 0 1 * 101cATpc £ C H ' N : ; - " I M ~ H L O ^ L A Y T T M - " » F T H F 

S f ^ O - D t WHF-E P T C> T H F i?-«-"MJN'r P F C-H\*GF. 
l l l l l 1 1 1 1 1 I N C T r - l T F * A H - i c j z g W A l SHIFT HF THE ^-CH?r. 
11111 S 5 5 F * n i c r r T S P -nGRAV 7 0 / NFW i NP'JT P A T . * t I S r . 
1 ) 1 1 1 2 2 2 2 ? FNOS PGf lGFA'- l . * / 

: ?̂ -»c o ° T T O N R ( " A T N ) ; 

OCL x Y F l i c INPUT r> rc r- A " : 
OCL N ' , : f H ^ ( P i ) V A P f IL P IXEP P ! N ( 3 1 ) : 
0~L 1 " > N " f 2 ( N F i v F O R 7 N ( 3 1 ) t C H P A r- C ^ * ^ ( p ) J V ^ P I f 
-- ' AP PE F I* ' EP C F D

 A f ; 
r i - ;T I I S T C r i A M F , ! L f * A X t r A Y f t 9 0 S v x L « ) : 
? A Y=1 / P A Y ; C n x = 2 . H ; 
P A X = 1 / F A Y ; 
r * r T F I L E ( X X ) L i : T ( B T , ^ X , 1 V , CX ,CY , P I $ T , 7< , ZY ) ; 
F C = " * . V / ( C Y - n Y l : 
c X - P T f . T / ( Z Y - P X ) : 

<p 4C = F Y ^ F A X ; 

T < = ' V Y > a o . r ; 
r / L i ^ L ^ x f X l V L N ) ; 
O H P wo W A Y T I M E . S E C R- • : M = -18; 

C *.LL P ^ V T S < 2 . 0 rr"r , 1 O . C E ' » R P A ^ , Nt c . 0 F " » -=>0 •? E O , n T " f « AY, F 
AY) : 

M = O ; 

CALL PAXJ 7. * F O F 1 0 . ° - 0 » F P A L • N , X L M , " . 0 E 0 , O S » R A Y F T X ) ; 

C ' H P A = = N A J ' E ; N = T L ; 

C M ! P S > M F ( ' « . * > F ' , l r EO , Fo A.P ,0 F M ) ; 

r M P A P = » nr; |_3^i ; M r ? ; 

: A L t P S Y M p ( o # o E : ; » o . S E O f - . . 2 E ' ? t p ° A f t t O . o ' r O t N i ; 
T F I L T f X X ) L I 2 T ( X f Y > ; 

T F y^n 111 0 1 ; 
I F v = i T H E N r n ; 

OET F I L M X X ) L I S T ( D r C ) ; 
a E C ^ E C + O E C ; 

ENH: 
FL^E I R Y = R T H E N 0 0 ; 

O E " F l L r ( X X ) L I ^ T ( X , Y ) ; 
y o - ( y«n,y ) * X F A C + f ^ y ; 
Y n = l") , 0 - ( < Y - ° Y ) > s F S * « E C - n * ^ ) -VF -Y ; 
CALL P 5 N U P ( X O f Y P 1 ; 
GO T O 0 ; 



El T C Y=111 n T H £ N r-n; 
C H X = X H ; 

T n 7; 

pi se I p Y=5~55 r THC W n n ; 
C:^x=xo ; 
— - r I L r ( x Y J L ! R > T ( R r : C , P X T H Y F f X , T Y , ^1 " T , ZX , ZY ) ; 
C S = 3 . 0 / ( C Y - R Y ) ; 
F X = ny $-/( Z X - P X ) : 

xr-::>c = r X * F A X ; 

FND; 
-LSE D'"!; 
xp = < x-BXJ+XF'C+Cnv; 
V>10.0-UY-BY)*F S+BEC-PT«)*r-AY; 
CALL OG^^K vn, YD) J 
n O T1,; D : 

E:C ALL DLT-ND ; 
^N"1; 
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Appendix C3-2 

A subroutine w r i t t e n i n FORTRAN IV, to f i n d the optimum values 

of depth, dip, and v e l o c i t y of overlying l a y e r for a s e r i e s of 

r e f l e c t o r s appearing on a wide angle r e f l e c t i o n record. To be run 

with MINUIT (see appendix Ck.l). The i n i t i a l values of the dip, and 

v e l o c i t y for each of the r e f l e c t o r s are entered i n the MINUIT 

prescribed format. ( V e l o c i t y : f i r s t v a r i a b l e and dip:second v a r i a b l e 

for each r e f l e c t o r i n order of i n c r e a s i n g depth.) The values of 

v e l o c i t y and dip can be f i x e d or l i m i t e d w i t h i n desired bounds. The 

program f i r s t optimises the l a y e r s s e q u e n t i a l l y i n order of i n c r e a s i n g 

depth and then optimises the s o l u t i o n as a whole to reduce the e f f e c t 

of a poorly determined l a y e r . Layers are entered to the program by 

CALL FCN 5. 

Input: 

Read on 5*-

NL The number of r e f l e c t o r s . 

NP The number of data points f or which the r e f l e c t i o n times 

are known. These should be r e g u l a r l y spaced. 

DX The distance between data p o i n t s . 

FO The format of the times of r e f l e c t i o n from r e f l e c t o r s f o r 

each of the data p o i n t s . 

Read on 7 are the r e f l e c t i o n times for each the data points i n 

the format defined i n FO. A ( J , I ) i s the time f or the J t h l a y e r a t the 

I t h point. 
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Output: 

Written on 6:-

I The number of the r e f l e c t o r . 

X(J1) The v e l o c i t y i n the I t h l a y e r . 

B ( I ) The depth to the I t h r e f l e c t o r . 

X(J2) The dip of the I t h r e f l e c t o r . 

CA(I) The c r i t i c a l angle for the I t h r e f l e c t o r . 

CD(l) The c r i t i c a l distance f or the I t h r e f l e c t o r . 

SE The standard error of the f i t for the I t h r e f l e c t o r . 

I T ( I ) The number of c a l c u l a t e d points on the I t h r e f l e c t o r . 

Output i s obtained with the command CALL FCN 3-

Refer to Appendix C^f.l for a de s c r i p t i o n of the use of MINUIT with 

subroutines. 



C OPTIMISATION SUBROUTINE FOR WIDE ANGLE REFLECTION DATA 
C NL= NO. OF LAYERS. NP = NO. OF REFLECTION TIMES 
C DX = DISTANCE BETWEEN UNIFORMLY SPACED REFLECTION POIN 

TS. 
C FO IS THE FORMAT OF THE INPUT DATA FOR REFLECTION TIME 

S. 
SUBROUTINE FCN(NPAR,G,F,X,IFLAG) 
OIMENSION A(5,200) fCA(5),CD<5),X(15)$G<15 >,FO(6),ITC5 ) 

,SU<5),B<5), 
1SM(5) 
DATA CA/5*0./tCD/5*0./tSM/5*1.0/ 
RAD=l/57.296 
GO T0<10,20,30,40,50),IFLAG 

10 R EAD(5,12) NL,NP,DX,F0 
12 FORMAT(11,IX,I 3,1X,F6.4,1X,4A4) 

READ(TtFO) <<A(J,I>,J=1,NL),I=1,NP> 
NT=1 

20 CONTINUE 
40 SUM=0. 

DEN=-NT 
NN=NT 
V1=X(1) 
Di=X<2)*RAD 
0D1=A(1,1)*V1*0.5 
C0D1=C0S(D1) 
SID1=SIN(D1) 
B( 1)=0D1/C001 
SUC1>=0. 
1 T ( l ) = 0 
1FC2-NN K l l f 411,410 

411 V2=X(3) 
D2=XI4)*RAD 
DD1=D2-D1 
002 = ( A(2,l)*0.5-0Dl/(V1*C0S(DC1)))*V2+0D1/C0S(DDI) 
B( 2> = 0D2/C0S<D2) 
SU(2>=0. 
IT ( 2 ) = 0 
IF(3-NNI412,412,410 

412 V3=XC5) 
D3 = X< 6)*RAD 
DD2=D3-D2 
003=(AC3t11*0.5-001*11/V1-1/V2)/COS<D3-D I )-002/(V2*C0S 

(DD2)>)*V3+0 
1D2/C0S(DD2) 
B(3)=0D3/C0S(D3) 
SUOI-O. 
IT<3)=0 
IFC4-NN)413,413,410 

413 V4=X(7) 
D4=X(8)*RAD 
DD3=D4-D3 
0D4=< A<4,1**0.5-001*(1/V1-1/V2)/COS<D4-DI)-0D2*(I/V2-1 

/V3)/C0S(D4-
102)-OD3/<V3*C0S<DD3)))*V4+0D3/COS(DD3) 
B(4)=0D4/C0S(D4) 
SU(4)=0. 
I T ( 4 I = 0 
IF(5-NN)414,414,410 

414 V5=XC9I 



D5 = X<10)*RAD 
004=05-D4 
005=(A<5,1>*0.5-0DI*(1/VI-1/V2)/COS(D5-Di)-0D2*(1/V2-1 

/V3)/C0S<05-
1D2)-0D3*<1/V3-1/V4>/C0S(05-D3>-0D4/(V4*C0S«DD4)))*V5+0 

D4/C0S(0D4) 
B(5)=0D5/C0S(D5) 
IT( 5 ) = 0 
SU(5>=0. 

410 DO 48 10=1,150 
AIC=(ID*0.005>**0.5 
AINC=ARCOS(AI0) 
SAINt=SIN(AINC> 
CAINC=AID 
AR=1.5708-AINC+0i 
PD1=0D1/CCS(AR) 
SEA=SIN(3.14159-AINC-2*AR> 
PU1=PD1*SAINC/SEA 
XD1=PD1*SIN(2*AR)/SEA 
T l = (P01 + PUi>/Vl " i * M ) ' * 4 

K=XDi/DX 
J=K + 1 
L = K+2 
I F ( J . L T . l ) GO TO 48 
IFU.GT.NP) GO TO 48 
SUCl ) = S U C n * < (X01-DX*K ) * < A < l , U - A ( l , J l l/OX+Al 1»J l - T l l * 

*2 
ETC1>-IT<U+1 
IF<2-NN)402,402,48 

402 RE1=(V2*SIN<AR)/V1) 
IFIABS(REi).GE.l) GO TO 492 
R i=ARSIN(RE1) 
AR2=R1+DD1 
IF(AR2-1•5708) 422,48,48 

422 PD2=<0D2-P01*C0S(AR+0D1))/COS(AR2) 
RRl=AR2+CD1 
C0R1=C0S(R1) 
CORRi=COS(RRl> 
PU2=PD2*C0R1/C0PR1 
HD=PD2*SIN(2*AR2)/C0RR1 
AAI=ARSIN(V1*SIN(RR1)/V2) 
PU1=(PDI*SAINC4-HD*SID1 )/COS(DH-AAl ) 
T2 = <PDH-PUl)/VH-tPD2+PU2)/V2 
X02=PDi*CAINC+HD*C001*PUl*SIN<Di+AAl) 
K=X02/DX 
J = K + 1 
L = K+2 
I F ( J . L T . i ) GO TO 48 
IF(l.GT.NP) GO TO 48 
SU<2)=SU<2)+(<XD2-K*DX)*<A<2,L>-A<2,J)I/DX+A(2,J)-T2>* 

*2 
I T f 2 l * I T f 2 1 * 1 
IF(3~NN)4C3,403,48 

403 RE2=V3*SINCAR2)/V2 
IF(ABS(RE2).GE.l) GO TO 493 
R2=ARSIN(RE2) 
AR3=R2+DD2 
IF(AR3-i.5708) 423,48,48 

423 PD3=<003-PD1*COSI AR+D3-Dn-PD2*C0S< AR2+DD2* ) /COS( AR3) 
RR2=AR3+D02 



C0R2=C0S(P2) 
C0RR2=C0S(RR2) 
P U 3=P 0 3*C OR 2 /C OPR 2 
H02=PD3*SIN(2*AR 3)/COPR2 
AA2=AR$IN<V2*SIN(RR2)/V3J 
S0D1=SINCDD1) 
COOi=COStOOU 
PU2 = (PD2*C0RH-HD2*SDD1 )/COStDC1+AA2 ) 
S2=S1N(DD1+AA2) 
HOI=PD2*REH-H02*CDD1+PU2*S2 
AA1=ARSIN<V1*S2/V2) 
PU1=(P D1*SAINC +HD1*S101)/COS(D1+AA 1) 
XD3=PDi*CAINC+HDl*C0Dl+PUi*SIN{AAl+Dl) 
T3*<PDH-PU1)/V1+(PD2+PU2) /V2+< PD3+PU3I/V3 
K=XD3/DX 
J=K+1 
L=K+2 
I F U . L T . U GO TO 48 
IF(L*GT.NP> GO TO 48 
SUt3)«SUf3)+f ( XD3-K*DX)*<A<3,L)-A(3,J) ) /DX+ A( 3, J)-T3) * 

*2 
IT! 3 ! * I T ( 3 ) + 1 
IFI4-NN)404,404,48 

404 RE3=V4*SIN<AR3)/V3 
IF(ABS(RE3).GE.l) GO TO 494 
R3=ARSIN(RE3) 
AR4=R3+DD3 
IF(AR4-1„5708> 424,48,48 

424 PD4=<QD4-P0l*C0S<AR+D4-Dn-PD2*C0S< AR2+D4-D2 >-PD3*C0S< 
AR3+0D3) )/C0 

I S ( A f t * I 
RR3=AP4+DD3 
COR3-C0SCR3) 
CORR3=COS(RR3) 
p U4=P 04*C OR 3/C0RR3 
HD3=PD4*SIN(2*AR4)/C0RR3 
AA3=ARSIN(V3*SIN(RR3)/V4) 
S3=SIN(D02+AA3) 
SD02=SIN(DD2) 
C002=C0SI0O2) 
PU3=<P03*COR2+HD3*SDD2*/C0S(DD2+AA3) 
HD2=P03*RE2*H03*CDD2+PU3*S3 
AA2=ARSIN<V2*S3/V3) 
PU2=<P02*COR1+HC2*SDD1)/COS(001+AA2) 
S2=SIN(D0H-AA2) 
HDi=PD2*REl+HD2*CDDH-PU2*S2 
AA1=ARSIN(V1*S2/V2> 
PU1=(PD1*SAINC+HD1*SID1)/COS(AA1+D1) 
T4=(PDH-PU1)/VH-(P02+PU2)/V2+(PD3+PU3) /V3+( PD4*PU4 ) /V4 
XD4=P01*CAINC+HD1*C0D1+PU1*SLN( AA1+D1) 
K=X04/DX 
J=K+1 
L=K+2 
I F ( J . L T . l ) GO TO 48 
IFtL.GT.NP) GO TO 48 
SUI4)=SU<4)+<(XD4-K*DX)*fA (4,U-A(4,J)l/DX+AU, J )-T4) * 

*2 
I T ( 4 l = I T ( 4 l + l 
IFI5-NN*4C5,405,48 

405 RE4=V5*SIN<AR4J/V4 



IF(ABS(RE4)•GE*1) GO TO 495 
R4=ARSIN(RE4) 
AR5=R4+DD4 
IFIAR5-1.57081 425,48,48 

425 905- (0D5-PD1*C0S( AR +0 5-01 )-PD2*C0S( AP 2+D5-D2)~PD3*C0S( 
A$3+05-03)-

1PD4*C0S(AR44-0D4) ) /C0SUR5I 
RR4=AR5*DD4 
C0R4=C0S(R4) 
C0RR4=C0S(RR4) 
PU5=P05*C0R4/C0RR4 
HD4=PD5*SIN(2*AR5)/C0RR4 
AA4=ARSIN(V4*SIN(RR4)/V5) 
PU4=(PD4*C0R3+HD4*SINI 003)) /COS i003 +AA4) 
S4=SIN(D03+AA4) 
H03=PD4*RE3+HD4*C0S(DD3)+PU4*S4 
AA3=ARSIN(V3*S4/V4) 
PU3=(P03*C0R 2+HD3*SDD2)/COS< D02+AA3) 
S3=SIN(DD2+AA3> 
H02=PD3*RE2+HD3*CDD2+PU3*$3 
AA2=ARSIN(V2*S3/V3) 
PU2=(P02*C0R1+HD2*S001)/COS<DO1+AA2) 
S2=SIN<DDH-AA2) 
HDl=P02*REH-H02*CDDH"PU2*S2 
AAi=ARSIN<Vl*S2/V2) 
PU1=<P01*SAINC+H01*SID1)/C0S(Dl+AAi) 
T5 = <PDH-PU1)/VH-<PD2+PU2) /V2-MPD3+PU3 ) / V3 + ( PD4+PU4 ) /V4 

•<PD5+PU5)/V 
15 
XD5=PDI*CAINC+HD1*C0D1*PU1*SIN(AA1+01) 
K=XD5/DX 
J=K+1 
L=K*2 
I*=<J.LT.l) GO TO 48 
IF(L.GT.NP) GO TO 48 
SU<5)=SU(5)+< ( XD5-K*DX)*<A< 5»L)-A< 5, J) ) /OX-t-Al 5, J 1 - T 5 I * 

*2 
! T ( 5 ) = I T ( 5 ) + 1 

48 CONTINUE 
00 490 L=1,NT 
IFCIT(L)> 491,491,489 

489 $MtL)«SUCLt 
491 SUM=SUM+SMCU 

DEN=DEN*IT(L) 
490 CONTINUE 

FUN=SUM*100.0/DEN 
F=FUN-NT 
WRITE(6,4481 F 

448 FORMAT!1H ,613.6) 
RETURN 

492 CA(1)=AR/RA0 
CO(lf*XDl 
NN=1 
GO TO 48 

493 CA(21=AR2/RA0 
COC 2»=X02 
NN=2 
GO TO 48 

494 CA«3)=AR3/RAD 
C0(3>=XD3 



MN = 3 
GO TO 48 

4<=>5 CA(4) =AF4/RAO 
CD(4)=XD4 
NN=4 
GO TH 48 

30 WRIT?C6,31) 
31 F0*»ATC1H1 , 30X t'npTIMISATION ANALYSIS OF WIDE ANGLE R F: 

ELECTION DAT 
l A f / 3 n x f 5 3 ( l H * ) / / / ) 
DO 32 1=1,NT 
J 1 = 2*1-1 
J2=2*I 
S C = S Q R T ( S U ( I ) / ( I T C I ) - l ) ) 
vJRITE ( 6 , 33) I f X I J D t B I I I t XIJ2) tCAC I I fCD( I ) t S E v I T ( I ) 

33 FORMAT 11HC t•LAYER•11/1H ,2X,»V6L0CITY = • , p7.4,/?X,•DEP 
TH =•,F7.3/2 

IX,'DIP = ,P6.2/2X, 'CPITICAL ANGL F = 1,F6.2/2X, 1C*ITICAL 
DISTANCE = • t 

2F9.3/?Xf'STANDARD n?ROR H F MT =•?F7.4/2X,•NUMBEP OP F 
IT POINTS = 1 

3,13) 
32 CONTINUE 

WRITE(6,341 FUN 
34 FOPMATCiHOt•FUNCTION VALUE =«,lP r13.6) 

RETURN 
50 NT=NT+1 

IF(NT.GT.NL) NT=NL 
54 WRITF<6,55) NT 
55 FORMAT I l w 0 »•LAYTR * ̂ 11 ,• IN COMPUT AT ION•//) 

RETURN 
END 
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Appendix C 3 « 3 

A program wr i t t e n i n FORTRAN IV, to c a l c u l a t e distances between 

sources and r e c e i v e r s i n seismic r e f r a c t i o n experiments, and the 

azimuths of incoming a r r i v a l s at r e c e i v e r s . The formula used i s from 

Robbins, A.R. 1962. Long l i n e s on the spheroid. Emp. Svy. Rev. 125. 
n 

I t s accuracy i s 1 i n 10 at 1600 km range. 

Input: 

Read on 5 :~ 

NLP The number of r e c e i v e r s . 

NSP The number of sources. 

NL(I) The i d e n t i f i c a t i o n no. of the I t h r e c e i v e r 

AL Latitude: degrees of the I t h r e c e i v e r . 

AM Latitude: minutes of the I t h r e c e i v e r . 

0L Longitude: degrees of the I t h r e c e i v e r . 

0M Longitude: minutes of the I t h r e c e i v e r 

NS(l) The i d e n t i f i c a t i o n no of the I t h source. 

AL, AM, OL, OM as above for the source. 

Output: 

Written on 6:-

NL(I) I d e n t i f i c a t i o n no. of the I t h r e c e i v e r . 

NL(J) I d e n t i f i c a t i o n no. of J t h r e c e i v e r . 

DIST Distance between I t h and J t h r e c e i v e r s . 

DAZ The azimuth of the J t h r e c e i v e r from the I t h r e c e i v e r . 

NS(I) I d e n t i f i c a t i o n of the I t h source. 

NS(J) I d e n t i f i c a t i o n of the J t h source. 

F i r s t card. 

NLP cards. 

NSP cards. 
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DIST Distance between the I t h and J t h sources. 

DAZ Azimuth of the J t h source from the I t h source. 

NL(I) I d e n t i f i c a t i o n no. of the I t h r e c e i v e r . 

NS(J) I d e n t i f i c a t i o n no. of the J t h source. 

DIST Distance between the I t h r e c e i v e r and the J t h source. 

DAZ Azimuth of the J t h source from the I t h r e c e i v e r . 

NLP can be made zero 



PISTAZ 
DISTANCE CALCULATOR ACCURATE TO 1 IN 1 0 * * 7 AT 1600 KM 
USES FORMULA OF POBBINS, A.P. • LONG LINES ON TH r 

SPHEROID" EMP. SVY. PFV. 175 1962. WRITTEN FOP 
FINDING DISTANCFS BETWEEN RECEIVING STATIONS AND SHOT 
POINTS IN S rISMIC EXPERIMENTS, BUT CAN BE USED FOP ANY 
DISTANCE CALCULATION. NLP = N n . OF STATIONS. NSP = NO 
OF SHOTS. NL ( I ) = IOENTI!=ICATION NO. OF ITH RECEIVING 
STATION. AL= DEGREES CF LATITUDF. AM = MINUTES OF LA 
TITUDE. CL = DEGREES OF LONGITUDF• DM = MINUTES OF L 

LONGITUDE. NS(I) = I DINTIFICA TION NO. OP ITH SHOT. 
DOUBLE PRECISION AL,OL,FRC,PRQ,A,B,SS,VS,SI,V,CH,S,SDL 

,CDL,DIF,S1, 
1CI,G,GA,EC,CL,TA 
DI M f NST ON NL( 50) , A (2 ,50) ,NS( 300) ,B(2,300) ,S I ( c r i ) ,C0(50 
P ) f V ( 5 0 ) f V S ( 3 
1001 f SSOOC) ,GA(5P ) , T A ( 3 ^ ) 
OTP=0.01745328 
ER=6378.160 
PR=6356.775 
ERQ=EP**2 
PR0=PP**2 
6C=(FPQ-PP0)/EP0 
EL=(ERG-PPO)/PPO 
*£AD<5,2) NLP,NSP 

2 FORM AT(215) 
IP(NLP) 21,21,9 

9 DO 1011=1,NLP 
&EAD<5,4) NL11),AL,AM,OL,OM 

* FORMAT(I5,4FK.O) 
AL=(AL+A^/60.D)*DTR 
OL*(OL+QM/60,Q)*DTR 
S=OSIN( AL) 
V( I ) = ER/DSQRT(1-EC*S**2) 
GA(I)=0S0PT(FL*S**2) 
SI (T ) =S 
CO(I)=OCOc:{ AL) 
A(1,1)=AL 
A( 2,I )=0L 

0 CONTINUE 
WRI TF(6,14) 

4 F0PWAT(1H1,20X,•DISTANCES IN KM AND AZIMUTHS PETWFFN P 
OIMTS OF GIV 

1 FN LATITUDE AND LONG ITUDE•/21X,73(1H-)///•DI STANC~S P E 
TWFEN STATIC 

2 N W ) 
INDE Y = I 
L=NLP-1 
I F ( L ) 21,21,19 

? 00 20 I = 1 ,L 
K=I+1 
S1=SI(I) 
C1=C0( I ) 
V1=V(I) 
00 20 J=K,NLP 
0IF=A(2, J )-A( 2, ! ) • 
COL=DCOS(DIF) 
SQL=DSIN<DIC) 



G = ̂ M J ) 
T » C U ' 0 - e C + E C * V l * S l / ( V U I * S l U ) ) ) * 0 T 4 M ( A U t J | ) 
GO T n 5 0 

2^ * R I T E ( S , ? 2 ) N L < T | f M L ( J ) , D I S T , D A Z 
22 F O R M A T d H , T 5 , • TO * , ! S , • = S 2 F 1 0 . 3 l 
?0 CONTINUE 
21 P F A O I S t M N M 1 ) ,AL J AM,CL,OM 

AL=(AL+AM/fr.p)*PTR 
OL=(OL+nM/£•.•*!.0)* OTR 
B< 1 , t )=AL 
« { 2 , 1 1 « P L 
S S I l l = O S I M AL) 
T A f 1 ) = 0 T A M AL) 
V S U ) = F F / 0 S 0 P T ( 1 - E C * S S < 1 1 * * 2 1 
W- I T F I s f 2 6 ) 

28 P : ) R M A T ( 1 H 1 , •DISTANCES BETWEEN CONSECUTIVF S H 0 T P O I N T S 
WI X H AZIMUTH 

1 *s OF PREVIOUS POINT* / / ) 
T - inEX =2 
D O 30 I = 2 t N S P 
J = I - 1 
RE&D< S 4 ) N S U 11 At f AM f OLf OM 
AL=( A L + A M / 6 C . 0 ) * P T P 
n L = ( O L + O M / 6 ^ , 0 ) *DTR 
* < 1 , T )=AL 
R < 2 , I ) = 0L 
Sl = n c i M ( A L ) 
c i = o c n s ( A D 
V1 = L C / D S Q R T ( 1 - E C * S 1 * * 2 ) 
0 I F = B < 2 , J ) - C L 
CDL=DCHS«DIF) 
S H L = O S I N ( D I F ) 
S 5 ( T ) = S 1 
VS ( 1 1 " V I 
T A ( I ) = D T A . N ( AL) 
T M 1 . 0 - E C + £ C * V l * S l / < V S { J ) * S S ( J ) ) ) * T A < J ) 
G n TO 5 0 

3^ WP I") ( 6 , 2 2 ) NSCT) , N S ( J ) , D I S T , D A Z 
V C I N T I N U F 

INDrX=3 
DO 4 0 I = 1 , N L P 
WRI^r ( f > ,42 ) N L U ) 

* 2 FORMA T ( 1H1, , r >I STANCES AND 4 Z I " U T H S CF SHOTS F P P M STAT I 
O N * , 1 5 / / ) 

S1=SI ( I ) 
C1=C0<I ) 
V 1 = V ( I ) 
OL=A< ? , I ) 
nn ,l = l f N S P 
0T F = B { ? , J ) - O L 
C O L - N C O S ( O I F ) 
SDL = D S K ' ( C I F ) 
T = { l . ^ - r . C + f X * V l * S l / ( J ) *S .M J ) ) ) *TA< J ) 
GO T O SO 

4 . 9 V ^ T T F < 6 f 4 6 ) N S ( J > , D I S T , D * Z 
4 6 F H P M A M 1H , I 5 , 2 X , 2 F 1 3) 
AO CONTINUE 

STOP 
50 ATs AT AN ( T ) 

P A Z = C 1 * T - S 1 * C D L 



*.7=£.TA*'?< C L fP\Z) 
HQs r;! * c 1 * *2 ~ c n c ( A 7 ) ? 
q = f,P'J T { HO ) 

* A Z « A B S ( A Z I - 3 . 1 M 5 -
i r - l * A Z , G T . - l . P . 0 P . R A Z . L < r . - 2 . 1 M K 9 ) Gn T o C 7 

B r * a c o L « C n S C A T 1 / S T M f A Z ) 

G O T I 5R 
57 D«At<STNfn - r><AT)*p&z /c r$ (4Z ) ) 

n r \ ~ = v I * o - u . n - r * • * 2 *H O M 1 . C - H O ) / 6 . c * O * * 3 V G * H * {1 • c—2. * 
H Q ) / * • ;T + D * * 4 

1 * I M S * 1 4 . * H O t - 3 . r ; * G * * 2 : " ' < I . C - 7 • 0 H Q ) ) / l ? " - r * * 5 ; G * 
H/*3 .C ) 

O A Z = A Z / O T P 
G n ~0 ( 2 9 , } ° , 4 ^ ) , T N0F X 
E N D 
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Appendix CJ.k 

A program w r i t t e n i n FORTRAN IV, to f i n d the v e l o c i t y of a r e f r a c t o r 

from the distances and a r r i v a l times of shots. The e f f e c t of the 

varying thicknesses of l a y e r s overlying the r e f r a c t o r (such as water) 

may be corrected for by adding the thickness and v e l o c i t y of the 

l a y e r f or each shot, as i n d i c a t e d below. The v e l o c i t y i s f i r s t 

determined by l i n e a r regression without any of the overlying l a y e r s 

included. The e f f e c t s of the overlying l a y e r s are then included, 

added i n one a f t e r another with a s o l u t i o n a f t e r each addition. 

Input: 

Read on 5:-

ND The number of shot po i n t s . 

NL The number of overlying l a y e r s . 

WVCl) The v e l o c i t y of the I t h overlying l a y e r . 

X ( l ) Distance to the I t h shot. 

T ( I ) Time from the I t h shot. 

W(I,J) The thickness of the J t h l a y e r a t the I t h shot. 

Output: 

Written on 6:-

ND, X ( I ) , T ( I ) , W(I,J) 

VT The slope of the reg r e s s i o n of time on to dis t a n c e . 

DT The i n t e r c e p t time. 

STE The standard e r r o r of the r e g r e s s i o n . 

VX The v e l o c i t y . (Slope of reg r e s s i o n of distance on to time.) 

DX The constant of the regression of distance on to time. 
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SXE The standard error of the re g r e s s i o n of distance on to 

time. 

RVT The v e l o c i t y from the r e c i p r o c a l of the slope of the f i r s t 

r e g r e s sion. 

RDT The constant from RVT. 

SRTE Standard error of f i t to RVT. 

EV Standard error on the v e l o c i t y . 

E I Standard error on the i n t e r c e p t time. 

R ( I ) The time r e s i d u a l for the I t h shot. 



C 3 ' F ^ i f T T O M V i ' L n C T T Y c,"* A T ? ^ T T r c prjp OM': L ' Y F ^ W J T H 

f cnp P E C T I FOP OVFPI. Y ING I A Y E Q r- • L T M ' G f c E SS I ON TO 
C ARRIVAL ^ ! ' n : S . NP = N! f - • OF APPIVAl T I * * E C . ML = NO • 0 
C P OV - - 1 Y TNG L A Y F P 5 . V'V( I ) = W - "L n CI ~Y CT ITH r VF c L Y J Mr. 
f L ^ Y (r ̂  . * ( ! ) = n i S T A r ; f E T 0 ITH CAT:. P r ! M . '(J) = 
r A ^ I V ' ^ L T j M f & T J T H ° r ; i N T . w n f j ) = T H I C K N E S S OF J T H 

C O V ^ L Y I N G LAYFP tT I T h &o;NT. 
C Q'f F$ ACTTLN VEL n<~ I T Y T A T I " T T C S FOP 0''JF t f. - + CPS • EC 7 

I ON-
DT V=NS I0N v (1 0 0 ) , T ( i f A< l f t 0 ) * u < 10 ' , r ) »MV< 5 ) • a < 100 ) , = 

P E * D ( i ; , ? ) NOt ML 
2 u n P " A T U 3 , 12) 

R E A r ( 5 , 3 ) ( WV/( ! ) , ! =1 » N L) 
1 F O R M A T ( 5 F I G . 0 ) 

T Nr' = l + NL 
J I " - l 
SX = 0 . 
«* i * _ -. 
>, - • # 

I T - ( 6 , 1 2 ) NO 
12 F H O I T ( 1H1, 2" X , • . 'NALYS I" 0 F P £ r-P AC T ? ON V: lnC I TY F 0 5 Of! 

- L ^ v r p W T T H 

1 rT'P~ ECT !0NC> Pnp QV£s L Y I N G L A Y - K $. » / ? l < t &, 3( 1 H - ) / / / • NT. 
OF HAT * PO IN 

2 " S = , , T 3 / « 0 ! S T . T T * ' F . L ̂  Y E " T H I C K \ EF S F * 1 / ) 
0^ I* 1=1,MO 
»E ATI *f M X{ I ) , T ( I ) , ( W( I , J ) , J = l , H ) 

- F-iPM* T ( B F 1 0 . 0 ) 
W ^ I T F ( 6 , * ) X ( I ) , T ( I ) , ( W < I , J ) , J = 1,NL ) 

£ F l c " A T (1H • - F S . 2 ) 
c.X = $v + X ( ! ) 
S T = S T + T { ! ) 
M T ) = - ( ! ) 

10 C O * ' " r I ^ ! J F 

5*XM=r X/NO 
15 S V = ' . 

STO=-« . 
S X 0 = ~ . 
On ? ^ T=1,N0 
= - = T 
r r y - y ( t )-5X** 
S\/ = SV+2T^f X 
$ ~ ^ = r T ) + F " * 2 
">X0=r X0 + " X * * 2 

2 0 COMTTMUF. 
V T = r V / S X Q 
VX=SV/~TO 
r)[-« T f . v v T * " Yf-' 
' i X ; S * M - VX* S T M 

P ' / T = l / V T 

o o T - S X M - P V T * S T M 

T E = 0 . 

OH 3 0 1*1 f NO 
• J = y ( T ) 

V = A ( T ) 
p E S * < V - O T - V " - - U ) 



P ( I 

~ T E = r ' T ~ + { b - P ° ' - ? V T ^ V } * - ' ? 
v> C n N T N i J t . 

^ T r = S Q R T ( 1 P / ( N D - 2 ) ) 
S x r = c o q - ( X F / C J D - 2 ) ) 

E I = S 0 R T ( ST c ^ S ^ T / N O + f T r * TTF.* S ^ M - S V M / S X ' ) ) 
G 1 " " M 3 2 » * - 5 . ~ ? , 3 ? ) , J T * 

32 -JP ? " "E ( 6 f 3 f ) V T , P T , S^*F , VX , D* »SX£ , P V T , ^ : 0 T f " ^ E , E V , ^ T 
3 - FHP" A,T( l H ^ f

 f R E G P F S S ! P N nF TI'!E ON T.1 D ! STANCE • //* SLGPF 
- f t r . f > . 3 / ' I N 

I T ' - P r c D T = i t p x # 2 / « ^T;,vr>ACf r O ? C f c = 1
 t

 r : 5 • 2 / / f P E f> P F ° c T *J 0 
F or si'- i c ; n 

?hi T<- T X MP * / / • VEL n C I T Y =• , F 5 . 2 / ' i H T F P r . - P T = • r F t • 2 / 1 S T AN 
n ^ c O F c ROP = 

* f

 f

 p 5 . 2 / / ' ' GF I O N OF n ?*c T - ^ n r :\!_ 7 n*i r " 0 F O ' V ' / Z ' V 
EL r c TT'Y = • , 

- c ^ . 2 / • TNT C F r . f D T - « t F f t . 2 / " STAND A p D f Pf 'Hn- = • , - 5 . ? / * S . F . 
ON V F l n C T T Y 

^ • / S V ' S . S . ON ! N T t & C € P T = ' , F 6 . 3 / / / ) 
^ 1 ^ ( 6 , 3 7 ) ( p ( i ) , i = i f r i 

3^ F .1RM A " ( 1 H 0 • 1 T T f 6 c 3 TDUAL5 ' / (1-0 F p - 3 ) ) 

I I * = 1 

T T = f : L + 1 - 1 r n 
W * M T F ( 6 , 4 2 ) ? ~ , W V ( TT ) 

4.2 r ' i » ' ^ T ( 1 1 -<C, 1 VEL OCI T I ES W! T}4 C C F P E C T I CN FTR L 4Y rR f
 T t ? t • 

W! " H V f L n C I 
1 T Y « , c 5 . 2 / > 

4- «? r i ) - M i ) 
4 " A N G = A R $ ! M ( t o V ( 7 T I / V X l 

F 5 C = 1. / ( C 0 f. ( A '-'G ) * W V ( I T ) ) - T A N < ft.NG>/VX 
DO >0 1 = 1 f N0 
A .( I ) = B ( ) - W ( I t D ' ^ F A f 

s T-"=r/No 
j r *.=A T i + i 
G'< ^ '1 15 

EN n 
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Appendix C^f.l 

Non-linear optimisation i n geophysical i n t e r p r e t a t i o n . 

An analysis of the use of non-linear opt i m i s a t i o n i n geophysics 

i s given by M. Al-Chalabi 1970. (The a p p l i c a t i o n of non-linear 

opti m i s a t i o n techniques i n geophysics. Unpublished Ph.D. t h e s i s . 

U n i v e r s i t y of Durham). Use has been made of t h i s technique by the 

w r i t e r f o r the i n t e r p r e t a t i o n of wide angle r e f l e c t i o n data (C3-2), 

magnetic anomalies (0^.2, C*f.3), g r a v i t y anomalies (C^f.^f), and 

r o t a t i o n pole p o s i t i o n s f o r p l a t e motions (C7-l)» 

The program package MINUIT (James and Roos, 1969) minimises a 

fu n c t i o n of n variables presented t o i t by a subroutine which performs 

the c a l c u l a t i o n s or operations desired by the user (eg. f i n d i n g the 

model t h a t w i l l give the best f i t to a g r a v i t y anomaly)- The three 

methods of minimisation used by MINUIT are SEEK a random search method 

using the Monte Carlo technique. TAUROS i s a r o t a t i n g coordinate 

system technique devised by Rosenbrock. MIGRAD makes use of the 

Davidon v a r i a b l e matrix algorithm, and i s b a s i c a l l y a method of 

steepest descent. 

SEEK i s not s t r i c t l y a minimisation r o u t i n e , but successive c a l l s 

to i t w i l l produce some sore t o slow convergence on a minimum. I t i s 

however very u s e f u l f o r obtaining good estimates of the i n i t i a l values 

of the v a r i a b l e parameters i f they are not w e l l known. TAUROS i s a 

stable r o u t i n e which converges quickly toward the region of the 

minimum. I n the region of the minimum, however, i t i s r e l a t i v e l y 

slow, stepping around the a c t u a l minimum. MIGRAD i s r a p i d i n the region 

of a w e l l defined minimum, but i s slow when f a r from the minimum or i f 
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the f u n c t i o n i s badly defined. For most of the problems considered 

i n geophysical i n t e r p r e t a t i o n the f u n c t i o n t o be minimised does not 

usual l y have a w e l l defined minimum, and accordingly TAUROS i s the 

most u s e f u l r o u t i n e , although MIGRAD can be used t o f i n d the f i n a l 

minimum a f t e r several runs of TAUROS. 

The method of entering data t o , and running MINUIT i s described 

i n the -Long Write-up of the program, copies of which are avail a b l e 

i n the Department of Geological Sciences at Durham. A b r i e f and 

incomplete summary of the method of use i s given below. 

Data on the parameters t o be varied are entered i n a l i s t as 

sp e c i f i e d by MINUIT. Following t h i s i s a l i s t of data t o be read 

by the user's subroutine i n the format s p e c i f i e d by the subroutine. 

The user's subroutine must be c a l l e d FCN. A f t e r the data come the 

commands which t e l l the program what minimisation r o u t i n e t o use and 

how many c a l l s t o make t o the subroutine. CALL FCN 3 w i l l obtain 

an output of r e s u l t s . CALL FCN 5 w i l l make the subroutine perform 

any pther desired operation which may be w r i t t e n i n t o i t . Parameters 

may have t h e i r values f i x e d by using FIX. An example of the input 

f o r a run of MINUIT i s given on the f o l l o w i n g pages. 

The f i r s t card of the user subroutine i s as f o l l o w s : -

SUBROUTINE FCN (NPAR,G,F,X,IFLAG) 

NPAR* = The number of vari a b l e parameters. 

G i s a vector containing the values of the d e r i v a t i v e s . 

F * The f u n c t i o n value calculated by FCN. 

X* i s a vector containing the parameter values. 

IFLAG* i s an i n d i c a t o r which s p e c i f i e s the section of FCN tha t w i l l 

operate. 

The arguments marked * are input t o FCN. 
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I n w r i t i n g FCN care needs t o be taken to ensure t h a t F, the value 

of the f u n c t i o n t o be minimised i s only dependent on the v a r i a b l e 

parameters. Also the value of F and the convergence c r i t e r i a f o r 

the minimisation routines must be compatible so th a t apparent 

convergence i s not too e a s i l y reached, or a l t e r n a t i v e l y t h a t the 

p o s s i b i l i t y t h a t convergence i s never reached i s avoided. 
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Appendix C*f.2 

A subroutine w r i t t e n i n FORTRAN IV, f o r use w i t h MINUIT, to f i n d 

the two dimensional body-model t h a t w i l l give the best f i t between the 

observed magnetic anomaly and the magnetic anomaly produced by the 

model. The body may have only one magnetisation contrast which i s 

the f i r s t parameter on the v a r i a b l e parameter l i s t . The angle 

of dip of the magnetisation vector i s the second v a r i a b l e parameter, 

and the background value of the magnetic anomaly i s the t h i r d 

parameter. The fourthand f i f t h v a r i a b l e parameters are the x and 

z coordinates of the f i r s t v a r i a b l e body p o i n t . The s i x t h and 

seventh are x and z f o r the second v a r i a b l e p o i n t , and so on up t o the 

l a s t p o i n t . As w e l l as v a r i a b l e body points there are f i x e d body 

po i n t s , the x and z coordinates of which remain unaltered and do not 

appear i n the var i a b l e parameter l i s t . There are also r e l a t e d body 

po i n t s , which have a constant r e l a t i o n s h i p i n x and z t o a v a r i a b l e 

body p o i n t . (X = X +C Y = Y + C ) . Related p o i n t s are very * r r v x , r v y * J 

u s e f u l f o r layers of constant thickness. 

For any p a r t i c u l a r body shape and angle of magnetisation, the 

magnetisation and background value are l i n e a r l y r e l a t e d t o the 

amplitude of the anomaly, and these w i l l be found by l i n e a r regression 

i n the subroutine i f the magnetisation i s set to 1.0 and the background 

i s set to 0.0. 

The subroutine uses as i t s base the magnetic anomaly due to a 

s e m i - i n f i n i t e magnetised slab w i t h a sloping face, where the slab 

goes to i n f i n i t y on the r i g h t hand side of the model. I f i t i s 

desired that the body should be closed, the l a s t p o i n t should be a r e l a t e d 
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po i n t at the same p o s i t i o n as the f i r s t p o i n t . The order of p o i n t s 

should be anticlockwise or the magnetisation should be of the 

opposite p o l a r i t y . 

Input: 

Read by the subroutine on 

EI I n c l i n a t i o n of the Earth's magnetic f i e l d . 

D The d e c l i n a t i o n of magnetic n o r t h w i t h respect t o the 

p o s i t i v e end of the magnetic p r o f i l e . 

NFP The number of f i x e d body p o i n t s . 

NRP The number of r e l a t e d body p o i n t s . 

NBP The t o t a l number of body p o i n t s . 

NSP The number of s t a t i o n points a t which the magnetic 

anomaly has been measured. 

N The number of a f i x e d body p o i n t . 

XD The x coordinate of a f i x e d body p o i n t . 

ZD The z coordinate of a f i x e d body p o i n t . 

IRP(I) The number of the I t h r e l a t e d body p o i n t . 

KP(l) The number of the body p o i n t t o which the I t h r e l a t e d 

p o i n t has a constant r e l a t i o n s h i p . 

RX(l) The constant which when added t o the x coordinate of 

the K P ( l ) t h body point w i l l give the x coordinate of the 

I R P ( l ) t h r e l a t e d p o i n t . 

RY(I) The constant which w i l l give the z coordinate of the 

r e l a t e d point when added to t h a t of K P ( l ) t h body p o i n t . 

(z i s p o s i t i v e downwards) 

SP(l,L) The x coordinate of the L t h s t a t i o n p o i n t . 

SP(2,L) The height of the L t h s t a t i o n p o i n t , (height p o s i t i v e upwards) 



20k 

AN(L) The value of the magnetic anomaly at the L t h s t a t i o n 

p o i n t . 

Output: 

Writ t e n on 5 when CALL FCN 3 i s commanded: -

X ( l ) The magnetisation contrast. 

X(2) The dip of the magnetisation vector. 

B The background value of the f i e l d . 

SP(1,I) 

SP(2,I) 

AN(I) 

CAN(I) Calculated anomaly. 

RESID The r e s i d u a l between the calculated and observed anomalies. 

BP(l,J) The x coordinate of the J t h body p o i n t . 

BP(2,J) The z coordination of the J t h body p o i n t . 

COR The c o r r e l a t i o n c o e f f i c i e n t of the observed and calculated 

curves. 

SD The standard e r r o r of the f i t . 

W r i t t e n on 7 when CALL FCN 5 i s commanded i s a l i s t of body p o i n t 

and s t a t i o n p o i n t data which can be p l o t t e d by GPLOT. 

The d e r i v a t i o n of a reasonable body shape i s aided i f the x 

coordinates of the body p o i n t s are f i x e d during the f i r s t run of the 

minimisation r o u t i n e . This prevents i n d i v i d u a l p o i n t s being moved a 

large amount t o t r y and s a t i s f y the anomaly while the body i s s t i l l 

poorly defined. 



c 1 c P T i ̂  A n * 
c 
C f.T = INCLIMTICN OF T Hi. f APTF • c FIELD, C = DECLINATION 
C OF EARTH'S FIELD WITH RESPLC T TC THH LINE GF THF 
C PROFILE, N FP = NO OF FIXFO POINTS, NPP = IM<". OF RELATED 
C PCI NTS t N BP = NCI CF 8CCY P C i r ' S , h S P = NO OF STATION 
C POINTS. 
C N = 10 NO OF ITH FIXED POINT, XC = DISTANCE TC POINT, 
C ZO = DEPTH TO POINT. 
C I R P ( I ) = ID NO OF ITH RfcLATEO POINT, KP( ) = ID NC 
C POINT TO WHICH IT IS RELATED, R X ( I ) = X DISTANCE FROM 
C KP TO IRP, RZ ( I ) = I DISTANCE FPCM <P TO IRP. 
C SP<1,L> = DISTANCE TO LTH STATION POINT, SP(2,L) = 
C HEIGHT OF LTh STATION PC INT, AN < L ) = MEASUFED ANOMALY 
C AT STATION POINT. 

SUPPOUTINE FCN(NPAR,G,F,X,I FLAG) 
01 PENSION G ( 4 J ) , X < 4 0 ) , B P ( 2 , 4 0 ) , K P ( 4 0 ) ,M ( A O ) , S P i 2 , 1 0 0 ) , 

AN(IOC) fCAN( 
i l ^ e ) t HYP(40),SINT(40),COST(4C),RX(20),F Y(2C) , IPP(2C) , K 

P(20) 
DATA BP/4C*0./,NP/4C*G/ 
GC TO <10,2 0 , 3 0 , 4 % 5 0 ) , IFLAG 

1C CONTINUE 
READ!5,12) E I,D,NFP,NRP,NBP,NSP 

12 F 0 P M A T ( 2 F 7 . 2 , 312,131 
R AD=1/57.296 
EI=EI*PAC 
D=C*RAC 
SEI = S I M E I ) 
CIC=COS(EI)*COS<D> 
NI=NB P-N F F-NR P 
IF(NFP)17,17,13 

13 DO 14 1=1,NFP 
PEAD(5,16) N,XD,ZD 

16 FQPN'AT(I2,F6.C,F8.0) 
B P ( l f N I - X D 
BP(2,N)=ZP 
NP(N)=N 

14 CCNTIMt 
17 !F(NRP.tQ.O) GC TO 117 

DO 114 1=1,NPP 
Rn A C ( 5 , l l o ) !RP( I ) , K P ( I ) , R X ( I ) , R Y ( I ) 

116 FORMAT!212,2F 6.0) 
N=IPP( I ) 
NP<N)=N 

114 CONTINUE 
117 J = l 

DO 18 1=1,40 
I F I N P I I U E Q . I I * GO TO 1« 
M ( J ) = I 
IFCJ.EG.M) GC TQ i c 
J = J + 1 

18 CONTINUE 
1^ READ(5,15) ( ( SP(K, L) ,K = 1 ,2 ) , A M D ,L = 1 , NSP ) 
15 FOPMATnt F6.0) ) 

AM = C . 
DO 180 1=1,NSP 

18 J AM= AM +AN ( I ) 
A^M=AM/NSP 



20 CONTINUE; 
4J CONTINUE 

DO 42 J = l , N I 
K l=2*J+2 
K2=2*J+3 
H I « M | J ) 
B P ( l t < " I ) = X ( K l ) 
BP(2»M )=XCK2 ) 

^2 CONTINUE 
IF(NRP.EQ.O) GC TO 43 
00 43 1=1 , NRP 
J = I P P ( I ) 
K = K P ( I ) 
B P ( 1 , J ) = B P ( 1 , K ) + P X ( I ) 
BPC2,J ) = BP(2,K)+RY(I ) 

43 CONTINUE 
0IP=X(2)*RAD 
VM=X( 1 ) * S I N ( D I P ) 
HM=X(1)*CCS(DIP) 
B=X(3) 
SUM-U. 
SM=0. 
N0=NBP-1 
DO 44 J=1,N0 
K = J+1 
HYP(J) = SQRT((BP( 1,J)-BP(1,K) )**2 * (BP(2 , J )-BP{2 , K) ) * * 2 ) 
SINTC J) = < EP(2,K)-BP< 2 , J ) ) / F Y P ( J ) 
COSTC J | * f BPU't J)-BP<1, Kl >/hYP{J) 

^4 CONTINUE 
DO 46 1=1,NSP 
CSUM=0. 
00 47 J=1,N0 
K = J + 1 
Z A = B P ( 2 , J l + S P f 2 t l ! 
XA-BPl I f J ) - S P f I t I ) 
ZB=BP(2,K)+SP(2,I) 
XB = BP(1,K )-SP(1,1) 
RA=XA**2+ZA**2 
FB=XB**2+ZB**2 
TA=XA/ZA 
T8=XB/ZB 
TD=TA-TR 
TS*1+TA*TB 
PH=ATAN2(TDfTS) 
PLOG=0.5*ALCGIPR/RAI 
CO=COST iJ) 
SI=SINT<J1 
El=PH*CO+PLnG*SI 
E2=PH*SI-PL0G*C0 
CSUM = CSUM+2000C0*SI* <VI**(E1>CI0-E2 * SEI )+h w*<E2*CTD+El* 

S E I ) ) 
47 CCNUNU 

SLM = SUM + (CSLM+B-AN(I I K * ? 
CAN(I )=CSUM+B 
SM=SM+CSIN 

46 CONTINUE -
I F ( X i n - i ) 49,48,48 

4« C^=SM/NSP 
TOP=0. 
BOT=0. 



DO 430 1*1,NSP 
CA=(CAN(I )-CM) 
TOP=TOP+CA*(AN( I ) -AWM ) 

430 P0T=BOT+CA**2 
FAC=TCP/RCT 
B=AMM-FAC*CM 
SUM-O. 
DH 481 1=1,NSP 
CAN( I )=FAC*CAN(I ) + B 

481 SUM = SUM + (CAN(I )-AN( I ) ) * * 2 
49 F=$UM/(NSF-l) 

RETURN 
30 CONTINUE 

I F ( X ( 1).EO.l) X(1) = FAC 
WRITE(6,32) X ( 1 ) , X ( 2 ) , B 

32 FURMATdHl,'MAGNETISATION CONTRAST = »,Ff?.c/lH , 'ANGLE 
GF MAGNET IS 

1 AT I ON = SF7.2/1H ,'BACKGPOUND VALUE = • , F 8 . 2 /// 1H0 , * S 
TAT I ON POINT 

2S'/1H ,' X Z OBSERVED CGVPUTtC PESIDU 
AL'/) 

SUB=0. 
SUC=0. 
CHI«0 . 
DO 36 1=1,NSP 
R ESID= C AN(I ) - A N ( I ) 
SLB=SU5+AN( I ) 
CHI=CHI+PESID**2/ABS<CAN(I ) -B ) 
SUC=SUC+C A N ( I ) 
WRITE(6,34) SP(1,I ),SP ( 2 , I ) , A N ( I ) , C A N ( I ) ,PES IC 

34 FORMAT(1H ,4( F 8 . 3 , 2 X ) , F 7 • 3 ) 
36 CCNTINlt 

W?ITE(6,3<H 
3^ FORMAT(iHC, 'BODY POINTS*/ 1H ,• X Z «/) 

WRITE(6,36 I ( ( B P ( I , J ) , 1 = 1,2),J-l» NBP) 
33 FOR MA T ( 2 ( F 8 . 3 , 2 X ) ) 

SUe=SUB/NSP 
SLC=SLC/NSP 
CD1=0. 
CD2*0. 
CN = 0. 
CO 37 J=l,NSP 
AC B = AN(J)-SUB 
ACC=CAN(J)-SUC 
CN=CN+ACP*ACC 
CD1=CD1+ACB**2 
CC2=CD2+ACC**2 

37 CONTINUE 
C0R=CN/(CDl*CD2)**C.5 
S0 = S0KT(SUM/(NSP-1) ) 
MStITEI6 97CI COP,CHI,SC 

7 ) F")PMAT( i HO, 'CORRFLATI CN COEFFICIENT = ' ,F6.3/1H ,'CHI S 
QUAP E VALUE 

1=',F8.3/1H ,'STANDARD CFVIATICN = ' , ^ 3 . 3 ) 
RE TUP N 

50 WPITE(7,52) NSP 
52 F0PMATU3) 

WRITE(7,54) ( S P ( 1 , 1 ) , A N ( I ) , C A N ( I ) ,1=1,NSP) 
54 F0RMAT(3F8.3) 

WRITE(7,56) NBP 



bb FORMAT(13) 
WRITE ( 7 , 5 E ) ( ( B P I I f J ) t l - l i 2 ) t J * l t NB:P1 

5* FORMAT(2Fe.3) 
RETURN 
-ND 
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Appendix 

A subroutine w r i t t e n i n FORTRAN IV, f o r use w i t h MINUIT, to f i n d 

the shapes of n two dimensional body-models t h a t w i l l give the 

best f i t of the calculated magnetic anomaly t o the observed magnetic 

anomaly. ( T o t a l i n t e n s i t y anomaly). This i s s i m i l a r to the program 

described i n appendix C^.2,only i t i s w r i t t e n t o compute the magnetic 

anomaly caused by n closed ( d i s c r e t e ) magnetised bodies. As w r i t t e n 

the program w i l l handle up t o 5 bodies. The program automatically 

closes the body, so the f i r s t p o i nt does not need t o be r e s p e c i f i e d 

as the l a s t p o i n t , but the number of points s p e c i f i e d f o r each body 

must be one larg e r than the number of body p o i n t p o s i t i o n s . This 

program i s us e f u l f o r c a l c u l a t i n g the e f f e c t of several nearby 

bodies or a large m u l t i p l e body of several d i f f e r e n t l y magnetised 

p a r t s . The input f o r var i a b l e parameters i s the same as f o r C^f.2 

except that magnetisation and dip f o r the bodies take up the f i r s t 

n x 2 variables and the background occupies the n x 2 + 1 t h v a r i a b l e . 

Input: 

Read by the subroutine on 5? i s the same as f o r Ĉ +.2 w i t h the 

f o l l o w i n g a d d i t i o n s : -

NB The number of bodies. 

LP(I) The number of the l a s t p o int on the I t h body. The body 

poin t s should be numbered sequ e n t i a l l y through a l l the 

bodies ( i e . not a separate l i s t f o r each body) and the 

l a s t numbered p o i n t on each body should be at the f i r s t 

p o i n t on i t ( i . e . the f i r s t p o i nt w i l l have two numbers). 
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Output: 

Writ t e n on 6 and 7, i s the same as f o r C*f.2 w i t h the a d d i t i o n 

of the magnetisation value and dip of the magnetisation vector 

f o r each of the bodies. 



C •CB-CPTIMAR* 
C 
C EI = INCLINATICN OF Th 5 £ AP T F • S F I ELT , C = CECLINATICN 
C CF EART F • S FIELC WITH RESPECT TC THE LIN£ CF THE 
C PROFILE, NFP = NC CF FIXEH FOIST?, N F F = NO OF RELATED 
C POINTS, NEP = NC CF PCCY PCINTS, NSP = NC CF $ T A T I C N 
C POINTS. 
C NB = NC CF BCOY FCINTS 
C L P ( I ) = ID NC CF LAST POINT OF ITH BCDY. 
C N = ID NC CF IT F FIXED POINT, XC = DISTANCE TC POINT, 
C ZD * DEPTH TC PCINT. 
C I R P C I I = IC NO OF ITF RELATED PCINT, KP( I = 10 NC CF 
C POINT TC WHICH IT IS RcLATEC, F X ( I ) = X C1STANCE FROM 
C KP TO IPP, R Z ( I ) = Z C I STANCE F RCN1 KF TC IPP. 
C S P I l t L ) = CISTANCE TC LTH ST4TICN POINT, S C ( 2 , L ) = 
C HEIGHT OF L'TH STAT ICN FCINT, /!N(L) = MFASUFEC ANOMALY 
C AT STATION POINT. 

SUBROUTINE FCNCNPAF,G,F,X,IFLAG) 
DIPENSICN GC60 ) , X<60 I ,EP(2,30 ) ,NP<30 ) ,M3C >,SF (?,100 >, 

AN( 1001,CAN( 
l l C C ! , h > P ( 3 J ) , S I N T ( 3 C I ,COST O f ! ) , L P ( 5 ) , N L F ( 5 ) , I R P ( 2 C ) , K P 

<2C) ,RX2C) , 
2PYC20) 
DATA BP/6C*0./,NF/30*0/,CAN/100*0. / , rLF/5*0/ 
GO TO { lC,2 n,3C,4C,50),IFLAG 

10 CONTINUE 
REAO(5,12) EI,C,NB,NFP,NRF,NEF,NSF 

12 FORMAT< 2F7.2,412,13) 
RAC=l/57.296 
EI =EI*RAD 
C = C*R AC 
S E I = S I N ( E I ) 
CIC=CGS(EI)*CCS(D) 
N I = NRP-NF F-NRP 
R E A C ( 5 , l l l <LP< I ) , 1 = 1,NE> 

11 FORMAT(5I2) 
I F I N F P ) 1 7 V 1 7 , 1 3 

13 DC 14 1 = 1,NFP 
*EAD(5,16 ) N,XC,ZD 

16 FCFPATU2fF8.0tFB.0l 
BP(1 , N)=XD 
PF(2,N)=ZC 
NP(N)=N 
DO 114 K=1,NB 
I F ( N - L P ( K M 115,11S 11* 

115 MP<K)=NLF(K)*1 
GC TO 14 

114 CCNTINUE 
14 CCNTIME 
17 IF(NPP.EQ.O) GC TO 118 

DC 117 1 = 1,NRP 
REAO(5,116) I R F ( I ) , K F ( I ) , R X ( I ) , P Y ( I ) 

116 FORMAT(2I2,2FP.O) 
N= I P P U ) 
NP(N)=N 
CO 119 K=1,NB 
IF(N . C T . L F ( K ) ) GC TC 119 
NLP(K)=NLP(K)+1 
GC TO 117 

http://FCFPATU2fF8.0tFB.0l


11S CCMINLE 
117 CONTINUE 
118 J = l 

DO 18 1=1,30 
I F C N P U K f Q . I ) Gi TO 15 
v ( J ) = I 
J = J + l 

13 CONTINUE 
19 R£ADI5,151 ( ( S F ( K , L ) , K = 1 , 2 ) , ; N ( L ) , L - 1 , N S F ) 
If F C P M A T ( 3 ( F 8 . C ) ) 

KP=NB*2+1 
20 CCNTIMc 
40 CCNTINUF 

B = X K P ) 
SU*=O.Q 
L l = l 
LB=1 
IB = <" 
CO 41 IT=1,NB 
I 8 = I B + N L P ( I T ) 
J2=IT*2 
J i = J 2 - 1 
L T = L P ( I T ) - I B 
CO 42 J=LB,LT 
J I = J 
IFU.EC.L7> J I = LP 
K1=2*JI+2*N84?-2*I7 
K2=K1+1 
* I = M J) 
B P ( 1 , v j ) = X(K1 ) 
B P ( 2 t P I ) = X ( K 2 ) 

42 CCNTINLt 
LP=LT4l 

41 CONTINUE 
IF(NPP.LG.a) GC TO 433 
CC 4 3 1*1,MPP 
11 = IRP f I * 
12 = KP( I ) 
E P ( 1 , I I )=PP<1, I 2 ) + F X ( I ) 
B P ( 2 , T 1 )=EP(2,I2)+PY { I ) 

43 CONTINUE 
435 CC ^5 IT=1,NB 

J2=IT*2 
J1=J2-1 
NC=LP(IT)-1 
CIP=X(J2)*R*D 
VN = X< J l )*SIMC IF) 
HM=X(J1)*CCS<0XP) 
CC 44 J=L1,N0 
K = J + 1 
HYP<J) = S Q P T ( C B P ( 1 , J l - B F ( l t K ) ) * * 2 + I E P ( 2 , J J-eP(2,KJ)**2) 
5 I N T ( J ) = < E F ( 2 , K ) - E M 2 , J ) ) / h Y P ( J I 
C0ST( J ) M E F < 1 , j l - B M l ,K) ) /HYP ( J ) 

44 CCN T I N L E 
00 46 1=1,NSP 
1F( I T . E Q . l ) CANU )=* . 
CSUM=C. 
CO 47 J=L1,NC 
K = J41 
ZA = BP(2, J ) 4 S P ( 2 , I ) 

http://IFU.EC.L7


X A * B P ( l , J M 5 P l l , I > 
ZB=BP ( 2 , K MSP«2,I) 
X B = B P ( l , K ) - S P ( l ,1) 
RA=XA**2*ZA**2 
RB=XB**24ZB**2 
TA=XA/ZA 
TE=XP/ZP 
T D * T A - 7 B 
T $ = M T A * T B 
P F = A T A N 2 ( T C , T S ) 
P L C G « C . 5 * A L C G ( P B / R A ) ' 
CC=COST(J ) 
S I * S I M C J l 
E1=PH*CC*FLCG+$I 
E2=PH*SI-PL0G*C0 
C StP=C S I N + 2 0 0 0 0 0 * S I * (VP* CE1*CIC-E2*SEI ) * HI < ( E2 * C I C • E 1 * 

SEI>) 
4 7 C O N T I N U E 

C A N t l M C S I M + C A M I ) 
4 6 C O N T I N U E 

L l = N O + 2 
4 5 C C N T I N L E 

CC 48 1=1,NSP 
C A M I M C A N U M E 
S I P = S U P + ( C A N ( I ) - A N ( I ) ) * * 2 

4 8 CONTINUE 
F = S L M / ( N S F - 1 ) 
RETURN 

30 C O N T I N U E 
DC 33 K=1,NB 
L1=2*K- 1 
L2=2*K 
W R I T E ( 6 ,31) K,X(L1) ,X(L2) 

31 FCRNiAT( 1HC, •BOPY« , I 2 / 1 F M A G N E T I S A T I O N CONTRAST = «,F 
8 . 6 / l h ,'ANG 

1LE OF PA G N E T I SAT ION = « , F 7 . 2 / ) 
3 3 C O N T I N U E 

H R I 7 E < 6 , 3 2 ) B 
32 FORMATI1HC/,•BACKGRCINC vALLE = • ,F8.3//7•ST ATICN PCIN 

T S ' / l h ,• 
1 X Z CBSERVEC CALCULATEC PESICUAL 1/) 
S l B = 0 . 
SUC=0. 
CHI=0. 
CO 3c 1=1,NSP 
RES I C = C A N ( I ) - A N ( I ) 
S I B = S U B + A N < I ) 
S U C = S U C + C A N ( I ) 
CH I = C H M P L S I C * * 2/< ABS <AN( I ) M l ) 
WRITFC6,34) S P 1 1 1 1 I , SP < 2 , 1 ) , A M I ) tC AN ( I ) , RES IE 

34 F C P M A T U H , 4 { F8 . 3 , 2X ) , F 7 . 3 ) 
36 C C N T I N I E 

hR ITECG,3SI 
39 FC FM AT (1FC, • 8C CY PCINTS'/ 1H ,« X Z V ) 

WRITE ( 6 ,3 6 ) ( ( E P < I , J ) , 1 = 1 , 2 ) , J = l , N E P ) 
38 F O F M A T ( 2 ( F 8 . 3 , 2 X M 

sue=ste/NSF 
SLC=SLC/NSP 
CC1=0 . 
CD2=0. 



CN = 0. 
DC 37 J*lt*SP 
AC8 = AMJ )-SIB 
ACC = C AN(J )-SUC 
CN=CN+ACe*ACC 
CD1=CD1*ACB**2 
CC2=CC2*ACC**2 

37 CCNTINIE 
CGP=CN/<CC1*CC2 )**C .5 
SC=SQR7 ( $1*/<NSP-1 ) ) 
V*RITE(6,7C) CCPtCHl ,SC 

7C FCPMATUHC, •CORRELATICN COEFFICIENT =»,F6.3/lh ,'ChI S 
GLARE VALUE 

l= ' , F 8 . 3 / l h t 9 STANCIRO CEVIATICN = « f F e . 3 ) 
GO TO 40 

50 lwPITEC7,52) NSP 
52 FCPMATU3) 

WR ITE<7,54) ( SP( 1» I ) , A M I ) ,CAN ( 11 , 1=1 ,NSP ) 
54 FCRMAT(3F8.3) 

ViR ITE (7 ?56) NB P 
56 FC FMAT(13) 

V^PI7t(7,5e) ( ( 6 P f I ? J) fIslt2ltJ«lfNCPI 
58 F0RMAK2F8.3) 

RETURN 
ENC 
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Appendix Ck.k 

A subroutine w r i t t e n i n FORTRAN IV, using MINUIT, to f i n d the best 

f i t between the computed gra v i t y anomaly due to one or more body-

models and the observed gr a v i t y anomaly. The program uses as i t s base 

the g r a v i t a t i o n a l e f f e c t of a s e m i - i n f i n i t e slab with a sloping end 

going to i n f i n i t y towards the r i g h t hand side of the model ( i . e . 

p o s i t i v e l y ) • 

The f i r s t n v a r i a b l e s i n the v a r i a b l e parameter l i s t are the 

density c o n t r a s t s of the n bodies. The x and y coordinates of the 

body points then follow, but they need not s t a r t from the n + 1th 

v a r i a b l e parameter. A space may be l e f t to i n s e r t the density 

c o n t r a s t s for a d d i t i o n a l bodies should they be required. When defining 

bodies the l a s t point of the body should be i n the same p o s i t i o n or 

at the same depth as the f i r s t one, unless the addition of the e f f e c t 

of a s e m i - i n f i n i t e slab, the thickness of which i s the d i f f e r e n c e 

i n depth, i s desired. Body-points should be numbered s e q u e n t i a l l y 

through the t o t a l number of bodies. 

Input: 

Read by the subroutine on 

NL The number of bodies. 

NFP The number of f i x e d p o i n t s . (Those which can never v a r y ) . 

NRP The number of r e l a t e d p o i n t s . (Those which have a 

constant r e l a t i o n s h i p to a v a r i a b l e point.) 

NBP The t o t a l number of body-points. 

NSP The number of s t a t i o n p o i n t s . 
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LP ( I ) The number of the l a s t point of the I t h body. 

N The number of a f i x e d point. 

XD The x coordinate of a f i x e d point. 

ZD The z coordinate of a f i x e d point. 

INP(I) The number of the I t h r e l a t e d point. 

I R P ( I ) The number of the point with which the r e l a t e d point 

has a constant r e l a t i o n s h i p . 

R X ( I ) The r e l a t i o n s h i p i n x between the r e l a t e d point and the 

point to which i t i s r e l a t e d . (XJNP(J)= ^ i R P ( l ) + ^ X ( I ) ) 

R Z ( I ) The contrast i n z r e l a t i n g the I N P ( l ) t h point to the 

I R P ( l ) t h point. ( Z l N p ( l ) = Z j R p d ) + R Z ( I ) > 

(x i s p o s i t i v e to the r i g h t , z i s p o s i t i v e downwards) 

NP(l) The number of the I t h v a r i a b l e point. 

NX(I) The v a r i a b l e parameter number which gives the value of 

the x coordinate for the I t h v a r i a b l e point, ( i . e . the 

NP(l ) t h point.) 

NZ(I) The v a r i a b l e parameter number which gives the z coordinate 

of the I t h v a r i a b l e point. 

D ( l ) The distance to the I t h s t a t i o n point. 

Z ( l ) The height of the I t h s t a t i o n point, (height p o s i t i v e up) 

A ( I ) The value of the measured g r a v i t y anomaly a t the I t h point. 

Output: 

Written on 6 when CALL FCN 3 i s commanded:-

D(J) 

Z ( J ) 

A(J) 
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C ( J ) Computed g r a v i t y anomaly at the J t h s t a t i o n point. 

RESID The r e s i d u a l between the computed and the observed 

gra v i t y anomalies at the J t h s t a t i o n point. 

J Number of body. 

X(J) The density contrast of the J t h body. 

J Body-point number. 

BX(J) The x coordinate of the J t h body-point. 

BX(J) The z coordinate of the J t h body-point. 

J Number of body. 

L P ( J ) The number of the l a s t point on the J t h body. 

SE The standard error of the f i t of the computed anomaly to 

the observed anomaly. 

COR The c o e f f i c i e n t of c o r r e l a t i o n between the observed and 

computed curves. 

Written on 7 i s a l i s t of the above data which can be p l o t t e d 

by GPLOT. 



A l i s t i n g of the input datr, f o r a run of 

O P T I G R A V v : i t h j r l l l . TJ IT . 

7 r p .', 

NUMBER 2 
rr ] 
r r i 

V A R I A B L E 
?A<RAMET£< 

3 p C * 1 
v ] 7 i i . 

r Zl - . i 
,'. * ? i 
7 7 2 : . I 

I . 
c 7 ? , 7 

1 ' X * l 17 . i . r 

1 ] • : Z . 1 
1 2 V « ] * * . - " 
13 £ i> c n. _̂  • . *. 1 
1 * X ? 
15 77 • - " • 1 

X * 1 . 
17 7. ? "7 c • ". ] 
1 « X - 1 . ' 
T (" 
1 " 7 • . 3 

X I » 17 *. • 1 . 
2 1 z r *" • •:. i 
2 2 v i 2 i : ' . c 
2? 7.1 2 *. i 
2 - v ] 3 2 •'- ". " 
2 3 7 1? H . * 
2 < * 1 - c 

J. • ' 
i 
* c 2 ~ I 1 • l >:. 

2 5 » ? - i " r . . • 1 
? c 7 1 = 

1 i • . 

3 ! 1 1 7 1 ^ 
6 12!"' 
1 \iy 

1 ! l ; C » r . 
i >. l ^.. r 
I R 1 2 

2 c 7 
^ :> r 
M 1 ! 
£ : / 1 ? 
7 1 • I s 
- 1 * i ' ~ 
• 1 c 1 r 

1 ? ? 2 ? 3 
1 7 2 - 2 r 

1 2 c ?7 
l r 2 - ? -

c c ~, 

1 "i n . V 

! 1 . ? 
1 2 7 .2 

.0 X 
1 ' ' 

1 1 -

1 A 

> t~ t-" 

LAST fc t r tTs o F * £ o o i B .S 

VATUA'M-B P O I N T S 

1. :• 

O "3 

STAT »o N ^ o t w r ^ 



i 7 > 

i -1 

C U L r C 
c I x 
r T X 
F i v 
r : v 
r. ? X 

F ! * 
~ T X 
r T < 
1 H . ^ r S 
i •-1 L r C 
•*• *~ >' "•' * 

C - ' - L C C 
c **«. L f : 

1 u 

•• ^ • 1 
c 7 . • 

" * 1 

10 

• l j 

S T A T I C ?C?IMT-S 

" ttimUI&ftT'fOftt 

C?T2rt-pK OUTPUT 



? I u * 
C ft# s. •«.. "OPTIGRAV1 

C " * * ' • 
C NL = NO OF LAYERS• NFP = NO CF FIXED POINTS• 
C NRP = NO OF RELATED POINTS. NC OF RCOY PCINTS. 
C NSP » NO OF STATION POINTS. 
C L P f I I * !0 NC CF LAST PCINT CF ITH BODY. 
C N M O NO OF ITH FIXEO POINT, XD= X VALUE». ZD = Z VALUE 
C INPC t 1 = 10 NO OF ITH RELATED POINT. IRPCI) = ID NO OF 
C POINT TO WHICH IT IS RELATED. RX ( 11 = RELATION' IN X 
C OIRECTION. R Z ( I ) = RELATION IN Z DIRECTION. 
C NPU) = U NO OF ITH VARIABLE PCINT, NXCI) = ARRAY 
C INDEX OF X VALUE, NZCI) = ARRAY INDEX OF Z VALUE. 
C Of!) = DISTANCE TO ITH STATION POINT, ZCI) = HEIGHT OF 
C STATION POINT, A(11 = MEASURED ANGMALY• 

SUBROUTINE FCNCNPAR,G,F,X,IFLAG) 
DIMENSION GC60),X<60),Df100),Z<100) ,AC100),C< 100),BX<8 

a 0 ) , B Z ( 8 0 ) , 
I t PC 10),NPC80),NX(80),NZC80),INP(6C),IPP(6C),RXC6C),RZ( 

t- 60),SB<80), 
2CBC80) 
GO TO (10,20,30,AO,50),IFLAG 

10 READC5,ll)*NL,NFP,NRP,NBP,NSP 
11 F0RMATC4I2,I3) 

REAC(5,12)t(LP(I),1=1,NL) 
12 FORMAT!1012) 

IF < N F P I l l l , l l l , 1 1 0 
110 DO 14 1=1,NFP 

READ(5,15) N,XD,ZD 
15 FORMAT!12,F8.0,F8.0) 

BX!N)=XD 
BZ<N1=ZD 

14 CONTINUE" ' f 

111 IF(NRP) 113,113,112 
112 READ!5f17) CINPCI),IPPCI),RXCI) ,RZ<I),1=1,NRP) 
17 F0RMAT(2I2,2F8.0) 

113 K=NBP—NFP-NRP 
REACC5,16) (NP( I ) , N X ( I ) , N Z ( I ) , I = 1,K) 

16 F0RMATI3I2) 
READC 5»18) CDCI) ,ZCI) , A f I ) ,1=1,NSP) 

18 F0PMATC3F8.0) 
20 CONTINUE 
40 F=0. 

DO 401 IN=1,K 
IP«NP(IN) 
IX-NXUN) 
IZ=NZ!IN) 
BX(IP) = XUX) 
BZ I I P ) = X ( I Z ) 

401 CONTINUE 
IF(NRP) 411,411,412 

412 DO 402 IN=1,NRP 
IP=INPCIN) 
IR=!R PC IN) 
BXCIP>=BXCIR)*RXCIN) 
BZUP )«BZ(IR )+PZI IN) 

402 CONTINUE I 
411 00 451 IB=ltNL 

I L = I B - 1 . . 
I F H L X 452,452,453 



452 L1=1 
GO TO 454 

453 L L * L P ( I L I * 1 
454 L2* L P ( I B ) - 1 

DO 451 JB«Ll fL2 
J l = J B * l 
BZB-BZ!JM-BZC JBI 
BX8*BX<JBJ-BXCJL) 

.»" H*S0RT!BXB*BXB4-BZB*BZB> 
. SBUB)*BZB/H 
- CBfJBI=BXB/H 

451 CONTINUE 
DO 41 I=1,NSP 
DS=D(I) * 
ZS«Z( I ! 
SUM=0. 
L1M 
00 42 KI*1»NL 
OC*X(KI) 
L2=LP(KI1-1 
U1=BX(L1)-0S 
V1=BZ(IU-ZS 
RI=S0RT<U1*UH-V1*V1) 

*!5i. A1*ATAN2(V1 9U1I 
00 43 J * L l t L 2 ^ 
J l * J * l 
U2«BXCJU-BtI) 
V2=BZ<J1)-Z(I) 
R2=SQRT(V2*V2+U2*U2) 
A2=ATAN2(V2,U2) 
S!=SB<Jl ^) 
CO*CBIJl.Vf* • S 
S0M=SUM*0C*<A2*V2-A1*V1-<U1*SI*V1*C0)'MSI*AL0G(R2/R1)• 

C0*(A2-A1))) 
V1*V2 ?Vl 
U1-U2 
A1=A2 
R l-R 2 

43 CONTINUE*,1 
Ll=L2+2 561 > t »'' , 

42 CONTINUE 8.M 
0G*SUM*13.334 
CI II«DG 
F=F+(DG-A<I•1**2 

41 CONTINUE 
F=F/(NSP-1> 
RETURN 

30 WRITE(6,3I) 
31 FORMAT ( lHl , 4 X t 'XS9X, «ZS7X, • ANOM S 7 X, • C ALC» , 7X , • RE SI D 

• / ) 
R0=0 
SA=0 
SC=0 
DO 300 J=l tNSP 
RESIO*A( J ) - C ( J ) 
SA=SA+A<J) 
SC=SC+C(J> 
RQ=RQ+RESID*RESID 
WRITE!6,32) 0(J),Z(J),A<J),C(J),PES ID 

32 FORMAT!1H ,1X,F8.3,2X fF8.3,2X,F8.2,2X,F8.2,2X,F8.2) 



300 CONTINUE 
WRITE(6,33) ( J t X C J ) , J a l t N L ) 

33 F0RMATUH0/5X, •DENSITY CONTRAST LAYER1,12, • =',F6.3) 
WRITE(6,34) 

34 F0RMAT(1H0//5X,•BODY POINTS*,/4X, ,X ,,9X, ,Z ,/l 
WRITE(6,36) (J,BX(J),BZ(J),J=l,NBP) 

36 FORMATdH ,T2,2X,F8. 3,2X,F8.31 
WR ITE(6,38) 

38 F0RMAT(1H0/5X,»LAST PCINT GF EACH LAYFR•/) 
WRITE(6,39) (J,LP(J)»J=1,NLI 

39 FORMAT! 1H , 12 , • = S I 2 ) 
SAM=SA/NSP 

sSCM^SC/NSP 
- SE=SQRT(RC/CNSP-1)) 
t l U AC=0 

A2=0 
C2=0 
DO 350 J=1,NSP 
0A=A< JI-SAM 
DC=C(J)-SCM 
AC=AC*DA*CC 
A2 = A2+CA*CA . f. , 
C2=C2+0C*DC t £ ~ l i r * f 

350 C1NTINUE 
COR=AC/SQPT(A2*C2) 
WRITE(6,37) SE,COR 

37 FORMAT <1HO/'STANDARD ERROR =•,F8•3/'COQPELATICN COEFFT 
CIENT 

141 
RETURN ; ^ 

50 WRITE(7,52) NSP,(0(I),A(I),C<I),1=1,NSP) * 
52 FORr.AT(I3/<F8.3,2F8.2> ) 

NNBP=NBP+NL 
WRITE(7,54) NNBP 

54 FORMAT(13) 
K = l 
00 60 1*1,Nl 

X(I) L = L f M n 

DO 59 J=K ?L 
v,, WRITF(7,56) BXCJ)fBZ(J) 
* 56if=0RMAT(2FB.3T 
59 CONTINUE 

WRITE(7,56) BX(K),BZ<K) 
- K*LPU) + 1 
60 CONTINUE 

RETURN 
feNO ** 
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Appendix 

A program to c a l c u l a t e the c o e f f i c i e n t of c o r r e l a t i o n between the 

pseudo-gravity anomaly, derived from the magnetic anoamly and the 

Bouguer g r a v i t y anomalies for d e n s i t i e s of 2.0 and 2.67 gm cm ^. 

The pseudo anomaly i s a l s o regressed on to the Bouguer anomaly to 

fi n d the r a t i o of magnetisation contrast to density c o n t r a s t . 

Input: 

Read on 5 : ~ 

NF The number of the f i r s t data point to be included i n the 

c a l c u l a t i o n of the c o r r e l a t i o n c o e f f i c i e n t . 

NL The number of the l a s t point included i n the c a l c u l a t i o n . 

NP The number of data points read i n . 

Y(4,J) The magnetic value of the J t h point. ( J = NP - I +1) 

FG The f r e e - g r a v i t y value. 

YG The Bouguer gr a v i t y value (2.0 gm cm ) . 

Read on 7 the output of TR/MG:-

X ( I ) The distance to the I t h point. 

Y ( l , I ) The value of the pseudo g r a v i t y anomaly at the I t h point. 

Output: 

Written on 6:-

CORB The c o r r e l a t i o n c o e f f i c i e n t for the 2.0 Bouguer anomaly. 

CORC The c o r r e l a t i o n c o e f f i c i e n t f or the 2.67 Bouguer anomaly. 

FB Ratio density contrast: magnetisation contrast (2.0 anomaly). 

FC Ratio density contrast: magnetisation contrast (2.67 anomaly). 

BF Ratio magnetisation contrast: density contrast (2.0 anomaly). 
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CF Ratio magnetisation contrast: density contrast (2.67 anomaly). 

DB The constant for fa c t o r FB. 

DC The constant for factor FC. 

BD The constant for fa c t o r BF. 

CD The constant for factor CF. 

The subroutine GPLOTV gives a computer drawn graph. I f PLOTV 

i s used a graph on the l i n e p r i n t e r can be obtained. 



C COMPUTES CORRELATION COEFFICIENT ANO DOES LINFAR 
C REGRESSION. BETWEEN GRAVITY AND MAGNETICS TRANSFORM. 
C INPUT ON 5: NF = NO OF FIRST DATA PC INT TC BE CCMPAPED 
C NL = NO OF LAST POINT TO BE COMPARED. NP = TOTAL NO OF 
C POINTS. Y(4,J) = MAGNETIC ANCPALY VALUE AT JTh POINT, 
C FG * FREE AIR GRAVITY ANOMALY, YG = BOUGUER ANOMALY. 
C FOR DENSITY 2.0. 
C INPUT ON 7: XU) = DISTANCE TC JTH POINT , Y ( 1 , I ) = 
C MAGNETICS-GRAVITY TRANSFORM VALUE. 

DIMENSION XC3C0),Y(4 f300) fFY<4),B<4),TITLE(10),XUN(3), 
YUN(3,4) 

DATA TITL E/ 'MAGNET ICS-GRAVITY TRANSFORM COMPARISON •/» 
XUN/'TENS OF 

1 KM •/»YlJN/'TRANSFM MGALMAG. GAMMASBA 2.0 MGAL BA 2. 
67 MGAL•/ 

DATA AM,BM,CM,BS,CS,ASQ,BSQ»CSQ,SAB,SAC,SAG ,SBC*SCG/13 
• CO/ 

*FY(1)=0.02 
FY<2)=0.02 
*Y<3)=0.02 
FYt4)=0.02 
B< 11=300.0 
B<2)=300.0 
BI3)=300.0 
B<4)=100.0 
READ(5,2) NF,NL,NP 

2 F0PMATC3I3) 
REA0(7,4| ( X ( I ) , Y ( 1 , I ) , I = 1 , N P ) 

4 F0KMAT(F10.4,2X fFlC.4) 
NC=0 
DO 10 1=1,NP 
x< n=xii) / io.o 
J=NP-I+I 
READ(5,6) Y(4,J),FG,YG 

6 FORMAT(58X,F5.C,2F7.0) 
IF(YG.E0.0l NC=NC-1 
YC 2,J)=YG 
Y(3»J)=FG*(YG-FG)*1.63/0.96 

10 CONTINUE 
DO 15*J=lNFtM_ 
AM=AM+Y(1,J) 
BM=BM+Y( 2 t J ) 
CM=CM+Y(3,J) 

15 CONTINUE . 
N0=NL-NF*1 
AMM=AM/NO 
BMM=BM/(NC+NC) 
CMM=CM/(NC+NC) 
DO 20 I=NF,NL 
R=Y<i,I) 
S=Y(2 ,1) 
T=Y(3,l) 
IF(S) 12,20,12 

12 BS=BS+<R-AMM)*(S-BMMI 
CS=CS*tR-AMM)*tT-CMM) 
ASQ=ASQ*(R-AMM|**2 
BS0=8SQ*(S-BMM)**2 
CSQ=CSQ-MT-CMM)**2 
SAB=SAB*-R*$ 



SAC=SAC+R*T 
SAC=SA0+R**2 
SBQ=SBQ+S**2 
SCQ=SC0+T**2 

20 CONTINUE 
CORB=BS/SQRT<ASQ*BSQ) 
COPC=CS/SCRT(ASO*CSQ) 
FB=BS/ASQ 
FC«CS/ASXT T H * 
BF=BS/BSQ 
CF-CS/CSO 
DB=BMM-FB*AMM 
OC«CMK-rt>AMM 
BD=AMM-BF*BMM 
CD23 AMM-CF*CMM 
WRITE(6,30) C0RB,CCRC,FB,FC,BF,CF,C8,CC,BC,CC 

30 FORWATf IHI,1C0RRELAT1ON COEFFICIENT P = §,F7.4/1H ,«CCP 
RELATION COE 

IF^ICrfNT C =«,F7.4/1H , • FACTORS 6/ A',C/A, A/fi, A/C F,4F10 
-4/1H ,«CONS 

2TANTS 9 ,4F10.4I 
J = 2 
0=DB 
F=FB 
IF(CORB-CORC) 38,39,39 

38 D=CC 
F = FC 
J = 3 

39 DO 40 1 = 1,NP «: 

40 Y<1,1)=YI1,I)*F+D 
CHI=0. 
DO 50 I=NF,NL 
I F ( Y ( J , D ) 51,50,51 

51 CHI=CHH-< Y( J, I )-Y<l ,1 ) )**2/ABS<Y(l,I)-AMM) 
50 CONTINUE 

NDF*NO+hC-l 
WRITE!6,46) CHI,NOF 

45 FORMAT(1H0,1 CHI SQUARE VALUE •••F8.3/1H f-DEGREES OF F 
ie 10 lie . • REEDCM =• , 13 

1) 
CALL GPL0TV<X,V,4,NP,0.7876,FY,B,TITLE,XUN,YUN> 
STOP 
END «3t*t#d 
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Appendix C5.1 

A program w r i t t e n i n FORTRAN IV, to compute the g r a v i t y anomalies 

r e s u l t i n g from the thermal expansion of rock i n the region of a 

temperature anomaly. From the average temperature over a square area 

the change i n the mass of the area i s c a l c u l a t e d from density and 

c o e f f i c i e n t of thermal expansion data. The mass di f f e r e n c e i s taken 

as the mass per unit length of an i n f i n i t e l y long l i n e mass. From 

the e f f e c t of a l l the l i n e masses the g r a v i t y anomaly i s c a l c u l a t e d . 

Input: 

Read on 

TITLE Up to kO i d e n t i f y i n g c h a r a c t e r s . 

LOP An i n d i c a t o r which i f s e t to 0 w i l l cause the graph 

output to be omitted. Otherwise a graph i s drawn. 

NP The number of square areas over which the average 

temperature anomaly has been determined. 

XS The distance to the f i r s t point at which the anomaly 

i s to be c a l c u l a t e d . 

XE The distance to the l a s t point at which the anomaly i s 

to be c a l c u l a t e d . 

DX The distance between points at which the anomaly i s to 

be c a l c u l a t e d . 

X ( I ) The x coordinate of the centre of the I t h square. 

Z ( l ) The z coordinate of the centre of the I t h square. 

A ( l ) The area of the I t h square. 

P ( l ) The density of the I t h square before heating. 

T ( I ) The average temperature anomaly over the I t h square. 
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Output: 

Written 

X ( I ) 

Z ( I ) 

A ( I ) 

P ( D 

T ( I ) 

XO 

AG 

on 6:-

Distance to a point at which the value of the anomaly 

has been c a l c u l a t e d . 

The gr a v i t y anomaly at the point at XO. 

GPLOTV p l o t s the graph of the g r a v i t y anomaly 



C THIS PROGRAM COMPUTES THE GRAVITY ANOMALIES DUE TO THE 
RMAL 

C EXPANSION. 
C TITLE IS A NAME OF UP TO 40 CHARACTERS : LOP IS AN IN 

DICATOR IF 
C SET TO 1 A GRAPH IS IS PLOTTED AND THE PROGRAM MUST BE 

RUN WITH 
C GPLQTV, IF LOP IS SET TO 0 NO GRAPH IS PLOTTED : NP IS 

THE NUMBER 
C OF DATA INPUT POINTS : XS IS THE FIRST X VALUE OF THE 

POINTS AT 
C WHICH THE GRAVITY ANOMALY IS TO BE COMPUTED, AND XE IS 

THE LAST. 
C DX IS THE SPACING BETWEEN POINTS : 
C INPUT DATA X I I I X VALUE OF POINT, Y d ) Y VALUE, 

A ( I ) AREA 
C ABOUT POINT OVER WHICH THE ANOMALY IS AVERAGED, PCI) 

4* ' A V E R A G E 
C DENSITY AT POINT BEFORE HEATINGt TCI) TEMPERATURE ANO 

MALY . 
DIMENSION X(300),ZI300),A(300) ,PC300) tT(300) ,D.C200) ,GC 

200),TITLEC1 
10),YUNC3,1),XUNC3) ,BCU ,YFC1) 
DATA XUN/fTENS OF KM •/,YUN/1 ANOMALY MGAL•/ 
READC5,1) TITLE 

1 FORMATC10A4) 
READ(5,2> LOP,NP,XS,XE,DX 

2 FORMATCII,1X,I3,3F10.0) 
READC 5t 4) CXfI ) , Z C I ) , A ( I ) , P C I ) , T C I ) , I = l,NP) 

4 FORMAT C5F10.0) 
WRITE (6,6) I X I I ) , Z ( I ) , AC I ) ,P( I ) ,TU I ,1=1 ,NP) 

6 FORMATC1H1,'TEMPERATURE ANOMALY MODEL•/1 X 
^ Z BLOCK 

1AREA DENSITY D TEMP/C2F10.3,F10.1,2F10.3)) 
WRITEC6,7) 

7 FORMATC 1H1, • X ANOM.V) 
L=<XE-XS)/DX+1 
XO=XS 
DO 10 1=1 ,L 
AG=0. 
DO 20 J=l,NP 
ZD=ZC J) 
C=(3.6-ZD*0.0018)*0.0000l 
AG=AG+13334.*P( J)*Z0*C1/(1+C*TU))-1)/((ZD*ZD>+<X( J l - X 

f 0 ) * * 2 ) 
20 CONTINUE 

WRITEC6,16) XO,AG 
16 F0RMATCF10.3,F8.2) ^ r 

D l l ) = X O * 0 . l . -
G(I)=AG I c 

XO=XO+DX ,..... 
10 CONTINUE 

IFCLOP.EQ.O) GO TO 40 
XF=0.07874 
YF(1)=0.02 
B(1)=300.0 
CALL GPLOTVCD,G,1,L,XF,YF,B,TITLE,XUN,YUN) 

40 STOP 
END 
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Appendix C6.1 

A program w r i t t e n i n FORTRAN IV, to do r o l l i n g mean (two dimensional 

moving average) a n a l y s i s and produce a map of the magnitude of the 

qu a n t i t i e s analysed. A c i r c l e of chosen radius i s moved over the 

area with i t s centre located at a regular g r i d of points . The values 

f a l l i n g w i t h i n the c i r c l e are meaned and the mean value assigned to 

the g r i d point at the c i r c l e centre. The program as l i s t e d i s 

adapted s p e c i f i c a l l y to give maps of average earthquake depth and 

average energy r e l e a s e . A l i n e p r i n t e r map i s produced as output, 

but t h i s i s over elongated down the page because of the character 

spacing. Output on another f i l e can be read by a p l o t t e r program 

(not l i s t e d here) to produce a true s c a l e map and superimpose i t on 

to geographic f e a t u r e s . 

Input: 

Read on 

GX The x coordinate of the bottom l e f t hand corner of the map. 

GY The y coordinate of the bottom l e f t hand corner of the map. 

XM The maximum x value. 

YM The maximum y value. 

GS The distance between the g r i d points at which values 

of the map function w i l l be c a l c u l a t e d . 

CR The radius of the sample c i r c l e . 

C l ( l ) The contour i n t e r v a l for the I t h quantity. 

NF The number of q u a n t i t i e s to be mapped (up to 3 ) . (2 i n 

t h i s case) 

YN The number of years over which the data has been c o l l e c t e d . 
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X The x coordinate of a data point. I f x i s greater 

than 9 9 9 9 9 9 , the end of the data input i s s i g n i f i e d . 

Y The y coordinate of a data point. 

F The value of the f i r s t quantity at a data point. I n 

t h i s case the f o c a l depth of an earthquake. 

G The value of the second quantity at a data point. I n 

t h i s case the body wave magnitude of an earthquake. 

H The value of the t h i r d quantity at a data point. Not 

used here. 

Ouput: 

Written on 6:-

FM The mean value of the f i r s t quantity. 

DF The standard error of the f i r s t quantity. 

GM The mean of the second quantity. 

DF The standard error of the second quantity. 

HM The mean of the t h i r d quantity. 

DH The standard error of the t h i r d quantity. 

A l i n e p r i n t e d map for the f i r s t quantity (Average hypocentral depth). 

A l i n e p r i n t e d map for the second quantity (Log of the average energy 

r e l e a s e per unit area square per y e a r ) . 

A map for the t h i r d quantity i s not produced when the program i s run 

for earthquakes. 

A l i n e p r i n t e d map showing the sample density divided by 10. 

MX The number of x coordinates across the map. 

MY The number of y coordinates. 

GS 

CR 

Written on 8 are the maps, which can be read for p l o t t i n g on a 

p l o t t e r to true r e l a t i v e s c a l e . 



DIMENSION AO f2CO, 100 ) f IX( 2C0» ICC) , PC 11C) ,CHAP (44) ,IS< 
100 I f C I O ) 

CATA A/6aCCC*0./fIX/2^CC0*C/fP/ll^* , •/,CF*P/,A 
t 1 A • t»B 

1 't'B N'C "t'C 't'C *f*Z S'F 't'E S'F 
• f'F • , 

2«G %«G S'H S M S'J N'K ' t ' L • »• N 
* »• N S'C 

3 % «P S '0 •, «R •, • 5 • i H • 9 M 1 , »U • i 1 

U S'V f 

4,«V 't'fe 't'Y S'Y S'Z 
• » fZ • ,»Z 

5 «/ 
DATA $FfSG,$H,$SFt$SG,SSH/6*C.0/ 
RE*D(5,2* GX,GY,XM,YM,G$,CRfCItNF,YN 

-2 FQPMAT(9F8.0»UfF3.0) 
SCR=CR**2 
NP=CR/GS 
N«0 

4 RE*C(5,6) XfY,F,G,h 
6 FCPi"AT(5F10.0 ) 

IF(X.GT.SSSS99) GO TC 20 
X= (X-C-X ) 
Y=(V-GY) 
I»X/GS+1*KP 
J»Y/GS*1*NP 
K1=I-NF 
K2M+NP + 1 
Ll=J-NP 
L2=J+NP*1 
I F f J l . L T . i l J 1=1 
I F < L l . t T . l ) L l = l 
DO 10 I=K1,K2 
CO 10 J = L l f L 2 
SR=(X-GS*( I-l-NP))**2+(Y-GS*(J-l-NP) )**2 
IFCSR-SCR ) 11,11,10 

11 A < 1 f I t J ) =A(1» I v J )+F 
A f 2 f I t J I * A f 2 t I t J ) + 1 0 . 0 * * ( 5 . 8 + 2 . 4 * G ) 
AC3f I t JJ = AOt I t J) + H 
I X f I f J I = I X < I , J ) + i 

10 CONTINUE 
SF»SF*F 
SG=SG«G 
Sh=SH*H 
SSF=SSF*F**2 
SSG=SSG+G**2 
SSF=SSH*H**2 
GC TO 4 

20 FM=SF/N 
GMSG/ft 
FM=SH/* 
DF=SQRT((SSF-SF**2/N)/(N-1) ) 
0G=SQR1(iSSG-SG**2/N)/(N-i)) 
DH=SQRT<(SSH-SH**2/N)/(N-1)) 
NRITE(6 f16) FN,DF,GI*f CGthMf Ch 

16 FORMAT 11H1 • •NEAN 1 = ' ,F8.3,4X,•S.C. 1 >*VF8.3/1H f • ME A 
N 2 = • fF8.3 f 

14X,«S.C. 2 = %F8.3/1H f • FEAN 3 * • , F 8 . 3 , AX , • S • C . 3 =',F 

http://IFfJl.LT.il


8.3) 
MX=(XM-GX l/GS + 1 
MY=(YM~GY)/GS*1 
AUC=ALCG10< 3.1415S*CR*CR*YM 
CQ 70 1*1,NF 
.RCfc*i:*Q/CHL) 
WPITE<6,25) L 

2 & £$ RJJ A T < I HI i J R C L LIN G ME *fs MP FCR FACTCP * f l l / / / l 
DO 50 J=1,MY 

DC 30 1 = 1,MX 
IT=I+NP 
IC=IX( IT,K) 
IFCIQ)32,32,34 

32 P U )=CHAP<42> 
GQ, TO ao 

34 I F t l - 2 l 334,333,334 
333 IR=AM3G101A<2, IT,KH-ALC 

GO TO 335 
334 IR*4AIL f £1,KI/ID I*ftCI +1 
335 IF(TR) 35,35,36 
35 Pm=XMRl43J 

GO TO 30 
36 IFJA1-IP)37,38,38 
37 P(I)=CHAP(441 

GG TO 30 
38 P(I)-C>ARfIR> 
30 CCNTINLE 
40 fcPITEU,43> P 
4 3 FCRMATiJJH ,10X, 110A1) 

V*RITE<6,44J P 
^ 4 4 FGPMATCUOAU 
5C CCKTINLE 

kRITE(6^C) GX,QY 
60 FORMAT(1H+,5X,F5«1,•+•/lh ,10X,F5.i) 
70 CCNTINOfc 

ViRITEC6,78) 
78 FORMAT(1H 11•SAMPLE DEN5ITY MAP*///) 

ASC=3.14159*CR*CP*YN/10.0 
DO 80 J*l,NY • 
K=MY-j4l*NP 
CC 90 I^ltMXo 
I T M + NP 
ISfI)«I£JITtK)/ASC 

90 CCfsTINLE 
NRITE(6,$2) AiS 

82 F0PMATC1H ,10X, 11CI1) 
80 CCNTINLE 

*RITE(6,6C) GX,GY 
WRITE(6,52) MXfMY,GS-fCR 

52 F0PMAT(1HC,///,»NC. CF X CC-CRCS = , , I 3 , 1 ISC. CF Y CO 
• ... - -OPDS =• ,13, 

!• GRID SPACING =f,F6.2,» SAMPLE CIRCLE RACIUS = % F 
^ ^ 6.2/ ) 

STOP 
W Lower i . i * i t 
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Appendix C6.2 

A program w r i t t e n i n FORTRAN IV, to f i n d the d i s t r i b u t i o n with depth 

of earthquake frequency and energy. Three methods are used. The 

f i r s t i s a simple histogram. The second i s a one dimensional moving 

average using a binomial sample taken from the histogram which i s the 

f i r s t part of the program. The t h i r d method assumes that the e r r o r s 

on the depth determination are normally d i s t r i b u t e d and given the 

standard deviation finds the p r o b a b i l i t y of each earthquake occurring 

at the depths sampled and hence the t o t a l p r o b a b i l i t y of an earthquake 

occurring at these depths to give the d i s t r i b u t i o n with depth of the 

earthquakes. 

Input: 

Read on 5 :~ 

NC The number of c l a s s e s . 

CL The c l a s s width. 

NI The number of degrees of smoothing i n the second method. 

( i . e . the number of times adjacent c l a s s e s are added.) 

SD The standard deviation of the depth determination. 

D Depth of earthquake. ( I f D greater than 9 9 9 9 9 9 , end of 

data.) 

G The magnitude of earthquake. 

Output: 

Written on 6:-

F i r s t method 

TIN Lower l i m i t of c l a s s . 
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AC Frequency of earthquakes i n the c l a s s . 

AE Energy of the earthquakes i n the c l a s s . 

Second method 

X Sample depth. 

AC Frequency. 

AE Energy r e l e a s e . 

T h i r d method 

VC The probable number of earthquakes occurring at the sample 

depth during the time of the data. 

VE The probable energy r e l e a s e a t the sample depth. 

The normal d i s t r i b u t i o n sample method i s l i k e l y to give the most 

r e a l i s t i c d e s c r i p t i o n of the d i s t r i b u t i o n with depth of the 

earthquakes. 



DIMENSION CC IOC I t EC 100), PC SCO tO(5CC) 
DATA C/1QG*0./,E/100*0./ 
READ<5,2) NC,CLfNI,SD 

2 FCPMATCI3,F7.0, I2,F8.0 ) 
S02=2.G*SC**2.0 
IT*0 

5 REACC5,6) 0,G 
6 FORMATC2CX,2F1C.0) 

IFCC.GE.999999) GO TO 10 
IT=IT+1 
PC IT)=C 
I=C/CL41 
cm-cm+i.o 
EN=10.G**(5.e*2.4*G) 
E ( I ) = E( IHEN 
CCIT)«EK 
GO TO 5 

10 F=100.Q/< IT*CL ) 
*RITE(6,e) 

8 FCRMATClhl, 'CLASS FRFQ# ENERGY •) 
DC 20 1=1,NC 
AC=CII)*F 
AE=E(IMF 
TIN = ( I-1)*CL 
WRITE<6,12) TIN , AC , AE 

12 FCPMTC1H ,F6.2,F6.3,E13.6) 
20 CONTINUE 

HRITE<6,22) 
22 FCFMT (1H0, 'ROLLING MEAN ANALYSIS, BINOMIAL SAMPLE •) 

DO 30 1 = 1,M 
NL=NC-I 
X = < 1-1 )*CL*0.5 
*RITEU,32) 

32 FOFMAT{1H0, • X FR EQ • ENERGY 1 ) 
DO 30 J=1,NL 
K = J + l 
X=X+CL 
C( J)»CCU)+C(K))*0.5 
E(J) = (E(J)+ECK ) ) *0« 5 
AC=C(J)*F 
AE=E(J)*F 
WRITE!*,34) X,AC,AE 

34 FOPMJTUf- , F6.2,F6.3,'E13.6) 
30 CONTINUE 
. WRITEC6,36) 
38 FOPMATCIHO,//'NCPMAL CISTRIBUTICN S £MPL E'// ' C EPTh FR EQ 

ENERGY' ) 
NK=NC+1 
DO 40 1 = 1,NK 
AM=(I-i)*CL 
VC=0 
VE=0 
DO 45 J=1,IT 
EX=(P< J)-*n**2/SD2 
IFCEX.G7.15) GC TO 47 
FN=t1/CSC*2.5C663))/2.71£3**EX 
GC TO 49 

47 FN=0. 
49 VC-VC+FN 



45 C:NI :NLT • 
*R T T t ,46 ) A w • V r. » V c 

Ac F C R M - M l 1> ,p£.2tF6.-*tE13.6) 
40 CONTINUE 

STCP 
• *. c 
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Appendix C7-1 

A program w r i t t e n i n FORTRAN IV, to f i n d the pole of r o t a t i o n that 

w i l l best f i t one or more geological features such as f r a c t u r e zones 

which are thought to have been formed by r e l a t i v e movement about i t . 

The program c a l c u l a t e s the equations of planes that are normal to 

the l i n e s j o i n i n g p a i r s of points along the featu r e s and f i n d s the mean 

p o s i t i o n of i n t e r s e c t i o n of the planes, which i s the best f i t pole 

p o s i t i o n . 

Input: 

Read on 5 : _ 

NDS The number of p a i r s of points . 

AL1 Latitude of the f i r s t point. 

0L1 Longitude of the f i r s t point. 

AL2 Latitude of the second point. 

0L2 Longitude of the second point. 

Output: 

Written on 6: 

SLA Mean l a t i t u d e of pole, (obtained by summing the x,y,z 

coordinates before converting to l a t i t u d e ) . 

SLO Mean longitude of the pole. 

AM The mean of the l a t i t u d e s of the plane i n t e r s e c t i o n s . 

OM The mean of the longitudes of the plane i n t e r s e c t i o n s . 

SE The standard e r r o r of the pole, i n degrees. 

SAM The standard e r r o r on the l a t i t u d e . 

SOM The standard e r r o r on the longitude. 

A l i s t of the i n t e r s e c t i o n p o s i t i o n s . EPA l a t i t u d e , EPO longitude. 



C PROGRAM TO FIND THE POLE OF ROTATIONFOR ONE OR MORE S 
MALL 

C CIRCLE FEATURES BY FINDING THE MEAN INTERSECTION OF GR 
EAT 

C CIRCLES WHICH ARE ORTHOGONAL TO LINES JOINING GIVEN PA 
IRS POINTS 

C SITUATED ALONG THE SMALL FEATURES. 
C NOS*NUMBER OF POINT PAIRS. 
C AL1 £ AL2 ARE LATITUDES OF POINTS, DL1 £ OL2 ARE LONGI 

TUDES. 
DIMENSION P(20,3),Q(200,3),PLA(200>,PL0(200) 
RAD«i/57.296 
READC5,1I NDS 

1 FORMAT f121 
V; 00 20 1*1,NDS 

RE AD(5f2 I AL1,0L1,AL2,0L2 
2 F0RMATI4F7.0) 

XP»SIN<RAC*OL11*COS< AL1*RAD I 
YP=C0S(RA0*0L1)*COS(AL1*RA01 
ZP=SIN(RAD*ALil 
XQ=SIN« RAC*0L2 H«COS<AL2*RA0) 
YQ*C0SIRAD*0L2)«'C0S(AL2*RA0) 
ZQ=SIN<RAC*AL2> 
P(T,1)*XP-X0 
P(I,2)=YP-YQ 
Ptlt3»»2P-ZQ 

20 CONTINUE 
NP*NDS-1 
L=0 
DO 40 1=1,NP 
J* 1*1 
00 40 K=J,NDS 
L=L + i 
0CL,1 )=P(I,2)*P(K,3)-P( I,3I*PCK,2I 
QfLf2l»PCI,3)«P(K,l)-P(I,l)*P(K,3l 
QIL,3I*P( I * U * P ( K * 2 I - P ( I , 2 ) * P ( K , 1 I 

40 CONTINUE ^i(r 

SX»0. . i , ^ P L M l H M 
SY*0. .V-**LC< I ) I * ' " 
sz=o. *' *f:o$ 
WRITEC6f46|/f* ' 1 » 

46 FORMAT(IH1, 1 LATITUOE LONGITUDE1/) 
DO 50 l = i , L **D -

52 PM=SQRTIQUfll**2*QU,2)**2+Q<I,3)**2> 
Q ( I t l l * Q ( I t l l / P M *i 
Q ( I t 2 ! = Q ( I t 2 l / P M H* 
Q( !,3I»Q<If31/PM A* 
SX«SX+QU 91) 
SY*SY+QU 92) 
SZ=SZ*QU,3> 

50 CONTINUE 
SX=SX/L 
SY=SY/L 
SZ«SZ/L 
XM=0. 
YM=0. 
ZM*Oi :* • 
AM*0. ! * r * 
0M*0* 3* El 



00 45 1=1,1 
AN*ARC0S(Q(1,1)*SX*G(1,2)*SY+Q<I,3)*SZ)/RAD 
IFCAN-90) 47,47,48 

48 Q(I,1I*-*(8U,1I 
7> Q(I,2)*-QU,2) 
^ Q ( I , 3 ) = - Q ( I , 3 ) 

47 XM«XM+QCl,ll 
YM*YM+Q(I 92) 
ZM=ZM*Q(I,3) 
PLA(I)=ARSIN(Q(I,3))/RAC 
PLOf I)=ATAN2(Q(1,1),0(1,2))/RAD 
WRITE(6,56I P L A ( I ) , P L 0 ( I ) 

56 FORMATC1H ,2(3X,F7.2)) 
AM=AM*PLAC I ) 
0M=OM*PLO(I1 

45 CONTINUE 
XM*XM/L 
YM=YM/L 
ZM=ZM/L 
AM=AM/L 

. 0M=0M/L 
SL0=ATAN2(XM,VM)/RAO 
SLA=ARSIN(ZM)/RAD 
WRITE(6,58) SLA,SLC 

58 F0RMATC1H0, 'LATITUDE OF MEAN POLE = f,F7.2, f LONGITUDE 
OF MEAN POL 

IE =«,F7.2/) 
WRITEC6,58) AM,0M 
VAM=0. 
VOM=0. 
•ANG=0 
EX=0. 
EY=0. 
EZ=0. 
DO 60 1*1,1 
EX=EX*(XM-Q(I,1))**2 
EY=EY*(YM-Q(1,2))**2 
EZ=EZ+(ZM-Q(I,3)1**2 
VAM*VAM+(AM-PLACI))**2 
VOM*VGM+CCM-PLC(I)1**2 

60 ANG=ANG+(ARCOS(XM*QC1,1)*YM*Q(I,2)+ZM*Q<1,3))/RAD)**2 
SE=SQRTC ANG/U-l)) 
WRITE(6,66) SE 

66 FORMAT(1H0,1 STANDARD ERROR OF POLE =•,F7.2,•DEGREES• ) 
SAM=SQRT(VAM/(L-1)) 
S0M=SQRT(V0M/(L-1)) 
WRITE(6,68) SAM,SOM 

68 F0RMATC1H0,TS.E. LAT.* • ,F7.2, • S.E. LONG• = • ,F7.2) 
EX=S0RT(EX/(L-1)I 
EY=SQRT(EY/CL-1)) 
EZ=SQRT(EZ/(L-1)) 
00 70 1*1,2 
T i = ( - l ) * * I 
DO 70 J * l , 2 
T 2 = ( - 1 ) * * J 
DO 70 K*l,2 
T3=(-1)**K 
A=XM*T1*EX 
B=YM+T2*EY 
C=ZM*T3*EZ 



ES=SQRT< A**2+B**2*C**j2) 
EPA=ARSIN(C/ES)/RAD 
EP0=ATAN2(A,B)/RAD 
WRTTE<6,77) EPA,EPO 

77, CQRMAHIH ,F7.2,2X, F7.2 I 
70 CONTINUE 

END 
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Appendix C7.2 

A program w r i t t e n i n FORTRAN IV, to f i n d the pole of r o t a t i o n for 

a small c i r c l e feature, such as a fr a c t u r e zone. The program f i n d s 

the equations of the planes that f i t a l l the combinations of three 

points from the points s i t u a t e d along the feature. The mean p o s i t i o n 

of the poles to these planes i s taken as the pole of r o t a t i o n . 

Input: 

Read on 

NP The number of points on the fe a t u r e . 

Al The l a t i t u d e of a point. 

OL The longitude of a point. 

Output: 

Written on 6:-

SLAT The l a t i t u d e of the pole derived from the mean of the 

x, y, z coordinates of the poles. 

SLONG The longitude of the pole. 

AM The mean of the l a t i t u d e s of the poles to the planes. 

OM The mean of the longitudes of the poles to the planes. 

PLAT(I) The l a t i t u d e of the pole to the I t h plane. 

PLONG(I) The longitude of the pole to the I t h plane. 

SE The standard e r r o r of the pole. 

SA The standard error on the l a t i t u d e . 

SO The standard e r r o r on the longitude. 

AM The c o l a t i t u d e of the feature with resepct to the pole. 

AE The standard e r r o r on the c o l a t i t u d e . 
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C PROGRAM TO CALCULATE A POLE OF ROTATION FROM POINTS AL 
ONG A 

C SMALL CIRCLE FEATURE BY FITTING PLANES THROUGH COMBINA 
TIONS 

C OF THREE POINTS ANO FINDING THE MEAN POSITION OF THE P 
OLES TO THE 

C PLANES• 
C NP=NUMBR 
C NP=NUMBER OF POINTS 
C AL*LATITUOE OF PCINT. OL=LONGITUDE OF POINT. 

DIMENSION P(3,20),0(3,600 I»PLAT(600>,PLONG(600),AR(20) 
RAD~l/57.296 
REA0(5,2! NP 

2 F0RMAT(I21 
DO 10.1=1,NP 
READ(5,3I AL,OL 

3 FORMAT<2F7.0l 
P(l,1l=SINCOL*RAD>*COS(AL*RAD) 
P(2,Il*C0S(0L*RADI*COS(AL*RACI 
P(3,II=SIN(AL*RAD) 

10 CONTINUE 
SX=0. 
SY«0. 

L=0 " :VN . , 
K1=NP-1 
K2=NP-2 
DO,20 1=1,K2 
DO 20 J=I1,K1 
J1=J*1 
DO 20 K*J1,NP 
L = L * i f 

X = P(2,1)*(P(3,4)-P(3,K))*P<3,1)*(P(2,K)-P(2,J>) + P<2, J) 
16 *P(3,K)-P(2, 

1K)*P(3,J) 
Y = P ( 3 , I l * ( P ( l , J I - P ( 1 , K ) ) - P ( 3 , K I * P ( 1 , J ) * P ( 3 , J ) * P ( 1 , K ) - P 

v*r. (1,1)*(P<3,J 
i ) - P < 3 t K ) I 
Z = P ( l , J ) * P ( 2 , K ) - P ( 2 , J ) * P ( 1 , K I + P ( 1 , I l * ( P ( 2 , J I - P ( 2 , K ) ) + P 

( 2 , 1 ) * ( P ( 1 , K 
1 I - P U , J ) > 
Q$=SQRT(X**2*Y**2+Z**2> 
Q(1,L)=X/0S 
Q(2tL)=Y/CS 
0(3,LI=Z/QS 
SX=SX+X 
SY=SY*Y 
SZ=SZ*Z 

20 CONTINUE 
WRITE(6,8) 

8 FORMAT(lHlt•POLES OF ROTATION USING PLANE FITTING METH 
0D« ) 

SX=SX/L 
SY=SY/L 
SZ=SZ/L 
SM=SQRT iSX**2*SY**2+SZ**2) 
S*=SX/SM ~1 \ 
SY=SY/SM v C 7 < L ~ U i 



SZ*SZ/SM 
XM=0. 
YM=0. 
ZM=0. 
AM*0. 
d**o. 
00 40 1*1,L 
AN=<ARC0SCQ<1,I)*SX+Q<2,IJ*SY+Q<3,I )*SZ)/RAD) 
IF1AN-90I 45,45,46 

46 Q ( 1 , I l * ~ Q < l , I I 
QC2,I>*-Q<2,n 
Qf 3 , T I * ~ 0 t 3 , I > 

45 XM*XM+Qfl fI) 
Y**YM+Q(2,II 
ZM*ZH*Q(3,I) 
IF(Q<1,II.EQ.0.AND.Q<2,D.EQ.OI GO TO 39 
PLAT( n*ARSIN(Q<3,11)/RAO 
PLONGCI l*ATAN2(Q(l,I),Q(2,II)/RAD 

*° GO TO 41 
39 PLATI11*90 

PLONGd )*0 
41 AM*AM+PLAT(11 
7<* OM=OM*PLONG(I) 
40 CONTINUE 

WRITE < 6, 6I (PLATU ),PLONG(I) ,1*1, L I 
6 FORMAT(IH ,4<F7.2,4X,F7.2,5X)> 
AM*AM/L 
OM*0M/L 
XM*XM/L^vfi M & * 
YM*YM/L 
ZW*ZM/L* * 
SCAT=ARSIN(ZMI/RAD 
SLdNG=ATAN2(XM,YM)/RAD 
WRITE(6,16) SLAT,SLONG 
WRITE(6,16I AM,CM 

16 FORMAT C1H1, • MEAN POLE. LAT. = • ,F7 .2 , • L0NG. = SF7.2 
) 

VA=0. 
V0=0. 
EX*0. 
EY*0. 
EZ*0. 
ANG=0. 
DO 50 I*1,L 
X*Q(1,II 
Y=Q(2,I) 
Z*Q(3,I) 
EX=EX+(XM-Xl**2 
EY=EY+(YM-YI**2 
EZ*EZ+(ZM-Z)**2 
VA=VA+( AM-PLATM ) )**2 
VO*VO+< OM-PLONG(I)1**2 
ANG=ANG+(ARCOS(X*XM*Y*YM*Z* ZMI/RAD I**2 

50 CONTINUE 
EX = SQRT(EX/(L-1) I 
EY*S0RT(EY/CL-1)> 
EZ*SQRT(EZ/(L-1)) 
SE*SQRT(ANG/(L—11) 
SA=S0RT(VA/(L-1> ) 
SO*SORT(VO/(L-l)I 
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WRITE(6,56) SE,SA,S0 
56 F0RMATUH0, f STANDARD ERROR OF POLE = , , F 7 . 2 t f DEGREES* / 

1H ,'STANDAR 
ID ERROR LAT.«*fF7«2ta LONG. = •,F7.2/) 
DO 60 1=1,2 
Tl=<-11**1 
DO 60 J=l , 2 
T2*(-1T**J 
00 60 K = i f 2 
T 3 * ( - I ) * * K 
A=XM+T1*EX 

" o n"6*YM4Tl*EY 
C*ZM*T3*EZ 
ES=SQRT( A**2+B**2>C**2) 
EPA=ARSIN(C/ES)/RAD 

i e a Ef»Q=ATAN2 ( A,B)/RAD 
WRITE(6,66) EPA,EPO 

66 FORMAT(1H ,F7.2 f2X,F7.2) 
60 CONTINUE 
'•' AM=0. 
DO 70 I=1,NP 
AR(T I=ARCCS(XM*P(1,1)+YM*P(2,I)•ZM*P(3,I)I/RAD 

70 AM=AM+AR(II 
AM=AM/NP 

v DO 71 I=1,NP 
71 AV=AV«-(AM-ARC 11)**2 

£ AE=SQRT(AV/(NP-1I) 
p < 3 WRITE(6,77) AM,AE 
77 F0RMATC1H0,«LAT. OF SMALL CIRCLE THROUGH POINTS =•,F7. 

s 2/•STANDARD 
1ERR0R = f,F7.2) 
STOP 
END 
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Appendix C7«3 

A subroutine written i n FORTRAN IV, using MINUIT, to f i n d the pole 

giving the best small c i r c l e f i t to one or more transform f a u l t s 

or other features due to plate motion, which are not actually 

contructive or destructive margins. The program minimises the 

variance between small cir c l e s from the pole and points along the 

features considered. 

Input: 

Read on 

ND The number of features i n the f i t . 

NP(J) The number of points along the Jth feature. 

P(I,J) The latitude of the I t h point on the Jth feature. 

Q(l,J) The longitude of the I t h point on the Jth feature. 

Output: 

Written on 6 when CALL FCN 3 i s commanded:-

X(l) The latitude of the pole. 

X(2) The longitude of the pole. 

SE The standard error of the f i t . (Not the error on the pole). 

P(I,J) 

Q(I,J) 

R(I,J) The residual between the I t h point on the Jth feature and 

the small c i r c l e through the Jth feature. 

Written on 6 when CALL FCN 5 i s commanded i s a map of the object 

function around the pole position. This gives an estimate of area of 

error of the pole position. 
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The f i r s t estimate of the pole l a t i t u d e should be entered as the 

f i r s t variable parameter i n MINTJIT. the longitude should be the 

second variable parameter. 
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.DO v4 4r I *• 
C OPTIMISATION ROUTINE FOR CALCULATING POLES OF ROTATION 

W*r U -• • FROM DATA 
C ?* POINTS ON CNE OR MORE SMALL CIRCLES. 
C ND̂ NUMBER OF DATA SETS. 
C NPIJI* NUMBER OF POINTS IN JTH DATA SET. 
C PEIS ARRAY HOLDING POINT LATITUDES 
C fO Q IS ARRAY HOLDING POINT LONGITUOES 
C x m IS POLE LATITUDE X(2I IS POLE LONGITUOE 
C CALL - FCN 3 GIVES OUTPUT. 
C CALE1FCN 5 GIVES OBJECT FUNCTION MAP (VARIANCE) 

SUBROUTINE FCNCNPAR9G,F,X,I FLAG I 
* RAO*i/57.296 

DIMENSION P(40,10) ,Q(40 f 1011 AC401, X(15) tNP( 10) ,VM(20) , 
iQ R (40 r 10 ) 
GO TO 110,20,30,4Q,50lfIFLAG 

10 READ(5,111 ND 
11 FORMAT!121 

00*15 J*1,ND 
REA0C5,11) NP(J) 
N « N P ( j r 
REA0<5,12> (P( I,J),Q( I,J),I=i,N> 

12 F0RMATI2F7.0) 
15 CONTINUE 7t t t ¥ * ' I . i . 1 < 

" I N B * 1 T J » - : F ?of : */i 
20 CONTINUE 
40 P0*X(2)*RAD 

PA*X<1)*RAD 
41 AX=SIN(PC)*COS(PAI 

AY=COS(PO)*COS(PAI 
AZ^SIN(PA) 
AN=0. 
K=0 
DO 43 J=1,ND 
SUM=0. 
N=NP(JI 
DO 42 1=1,N 
RA=P(I,J)*RAD 
RB*Q(ItJ)*RAD 
RX=SIN(RBI*COS(RA) 
RY=COS(RB)*COS(RAI 
RZ*SIN(RA> 
A(Il=ARCOS(AX*RX*AY*RY*AZ*RZ)/RAD 
SUM-SUM*A(I I 

42 CONTINUE 
ANG*SUM/N 
DO 44 I=1f N 
K=K+1 
DIF-ANG-AU I 
R ( I,J)=DIF 

44 AN=AN+DIF**2 
43 CONTINUE 

SE=SQRT(AN/CK-NO)I 
F=AN*100/(K-NDI 
IF(IND) 55,45,45 

45 RETURN 
30 WRITE<6,32) X(1I,X(2),SE 
32 FORMATdHl, •POLE LATITUDE = • ,F7 .2/• POLE LONGITUDE = »,F 

7.2/1 STANDAR 
2D ERROR OF FIT * f,F7.21 
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DO 36 J=l fND N=NP(J) 
WRITE(6,34) <P( I , J ) , Q ( I , J ) , R ( I * J ) , I=1,N) 

34 FORMATdHOt1 INPUT DATAf//• LAT. LONG. RESI0.V/(3F 
7.21) 

36 CONTINUE 
RETURN 

50 Ml^X<11-$ 
M2 = X U ) U 0 
L l * X I 2 l - $ 
L2=X<2)+10 
WRITE(6,52> (LfL*Ll«L2I 

52 FORMAT(1H1*'OBJECT FUNCTION MAP*/10X,2015/) 
IND=-1 
00 58 M=M1,M2 
PA=M*RAD 
IL=1 
DO 56 L=L1f L2 
PO=L*RAO , 
GO TO 41 

55 VMULMF 
ILM L + l 

56 CONTINUE 
WRITE(6f57) M, (VM(IL) ,IL=1,20) 1 

57 FORMAT(1H ,I10t20F5.I//) 
58 CONTINUE 

RETURN 
END 
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Appendix C7-^ 

A program written i n FORTRAN IV, to add rotations v e c t o r i a l l y to 
give instantaneous poles, or add rotations compositely to give the 
rotation equivalent to two sequential rotations. 

Input: 

Read on 5*-

NDS The number of data sets. 

PLA Latitude of f i r s t rotation pole. 

PLO Longitude of f i r s t rotation pole. 

PRO The amount of rotation about the f i r s t pole. 

QLA The la t i t u d e of the second pole. 

QLO The longitude of the second pole. 

QRO The amount of rotation about the second pole. 

Written on 6:-

PLA, PLO, PRO, QLA, QLO, QRO, 

FLA Latitude of the instantaneous pole. 

FLO Longitude of the instantaneous pole. 

FRO Rotation about the instantaneous pole. 

VLA Latitude of the composite pole. 

VLO Longitude about the composite pole. 

VRO Rotation about the composite pole. 
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C PROGRAM TO DO COMPOSITE AND SIMPLE (VECTOR) ROTATION A 
ODITION. 

C PLA,PLO £ PRO ARE THE LATITUDE AND LONGITUDE CF THE F I 
PST POLE 

C OF ROTATION AND THE AMOUNT OF POTATION IN DEGREES• 
C OLA,QLO £ QRO ARE THE CORRESPONDING VALUES FOR THE SFC 

OND 
C DOTATION. 
C NOS = THE NUMBER DATA SETS. 

READ<5,1) NDS 
1 FORMAT(13) 

WRITE(6,3) 
3 FORMATCIH1,•ROTATION PROGRAM RESULTS •/*CONVENT ION: LAT 

ITUOE NORTH, 
1 LONGITUDE WEST £ ROTATION ANTICLOCKWISE ARE POSITIVE* 

/•ALTEPNATIV 
2ELY: LATITUDE NORTH, LONGITUDE EAST £ ROTATION CLOCKWI 

SE ARE POSIT 
31VE. • ) 
RAD=l/57.296 
DO 50 1=1tNDS 
READ!5,2) PLA,PLO,PPO,QLA,QLC,QRO 

2 FORMAT{6F7.0) 
PM=TAN(0.5*PR0*RAD) 
QM=TAN(0.5*QR0*RAD) 
XP=SIN(PLO*RAD)*PM*COS<RAD*PLA) 
YP=COS(PLO*RAD)*PM*COS<RAD*PLA) 
ZP=SIN(PL A#R AD) *PM 
XQ=SIN(QLO*RAD)*QM*COS(RAD*QLA> 
YQ=COS(QLO*RAD)*QM*COSiRAD*QLA) 
ZQ=SIN<QLA*RAD)*QM 
SX=XP+XQ 
SY=YP+YQ 
SZ=ZP+ZQ 
FM=SQRT(SZ**2+SY**2+SX**2) 

. FL0=ATAN2<SX,SY)/RAO 
FLA=ARSIN(SZ/FM)/RAD 
FR0 = 2*ATAN(FM) /PAD 
SP=XP*XQ+YP*YQ*ZP*ZQ 
SD=1-SP 
VX = < SX-YP*ZQ+ZP*YQ)/SO 
VY=CSY-ZP*XQ*XP*ZQ)/SD 
VZ=< SZ-XP*YQ+YP*XQ)/SD 
VM=SQRT(VZ**2*VY**2+VX**2) 
VL0=ATAN2(VX,VY)/RAD 
VLA=ARSIN(VZ/VM)/RAD 
VP0=2*ATAN(VM)/PAD 
WRI TE<6 ,6) PLA,PLC,PRC,CLA,OLO,QRO,FLA,FLO,FRO,VLA,VLO 

,VRO 
6 FORMAT(1HO, "ROTAT ION LAT,•,F7.2,• LONG.•,F7.2,• ROT• 

•,F7.2, f • 
1R0TAT ION LAT.*,F7.2 t» LONG. • ,F7. 2 , * ROT. • ,F7. 2//IH0 , 

•SIMPLE ROT 
2ATI0N ADDITION'/ fLAT. =• ,F7.2,« LONG.=•,F7.2, • POT.= « 

,F7.2/lH0,'C 
30MP0SITF ROTATION'/'LAT. = »,F7.2, • LONG."*,F7.2,• POT 

.=• ,F7.2///) 
50 CONTINUE 

END 
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Appendix C7=5 

A program written i n PL1, to read coordinates from a map, convert 
them to la t i t u d e and longitude and plot them at a new scale and/or 
i n a different projection and rotated to new positions i f desired. 
The program reads the coordinates from a di g i t i s e d Mercator Projection 
map- The map i s di g i t i s e d using the DMAC table and the paper tape 
from i t i s translated by CLT9:DCL99SPL. The coordinates may be 
rotated about a given pole through a given angle, and the resultant 
position may be given with respect to the pole of rotation or the 
or i g i n a l reference frame. A map can be plotted either as a Mercator 
projection or a polar equal area projection. 

Input: 

Read from SCARDS:-

NAKE Up to 25 i d e n t i f y i n g characters. I f NAME = fEND' program 

stops. 

IND I f IND = 0 then the coordinates are given with respect 

to the pole of rotation. 

PLAT Latitude of the pole of rot a t i o n . 

PLONG Longitude of the pole of rotation. 

ROT Rotation about the pole. 

Read from SCARDS:-

OP An indicator. I f OP = 'POLAR' a polar projection map 

i s drawn. I f OP = 'DEGREE' a l i s t of the l a t i t u d e and 

longitude of the points i s given. I f OP = 'SCALED' a 

Mercator projection map i s drawn. I f OP = 'anything else ! 

l i s t given i n radians. 
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SCALE The scale of the map drawn. In inches per degree. 

CX Constant added to x coordinates of map to put coordinates 

i n the f i e l d of the p l o t t e r . 

CY Constant for y direction of map. Coordinates of 

bottom l e f t hand corner of map are -CX, -CY. 

Read from FILE MAP: -

TRCO Longitude of top rig h t hand corner of the d i g i t i s e d map. 

TRCA Latitude of the top r i g h t hand corner of the map. 

TRCX X coordinate of the top r i g h t hand corner. 

TRCY Y coordinate of the top r i g h t hand corner. 

BLCO Longitude of the bottom l e f t hand corner. 

BLCA Latitude of the bottom l e f t hand corner. 

BLCX X coordinate of the bottom l e f t hand corner. 

BLCY Y coordinate of the bottom l e f t hand corner. 

AX X coordinate of the di g i t i s e d point. I f AX =11111 data 

from f i r s t set of coordinates ends. 

AY Y coordinate of the di g i t i s e d point. I f AY = 22222 

the data from a new map are read. 

Output: 

Written on SPRINT and FILE PLOT:-

DLAT Latitude of point i n degrees. 

DLONG Longitude of point i n degrees. 

SLAT X coordinate of point on output Mercator map. 

SLONG Y coordinate of point on output Mercator map. 

TLAT(K) Latitude of Kth point i n radians. 

TLONG(K) Longitude of Kth point i n radians. 

X X coordinate of point on polar projection map. 
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Y Y coordinate of point on polar projection map. 

To obtain the map output the program must be run with *PLOTSYS, 

followed by a run of *DURPLOT. Files MAP and PLOT must be assigned 

to f i l e s on the run card. When d i g i t i s i n g the map care should be 

taken to keep the lines of latitude horizontal with the DMAC table. 
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/ * A PROGRAM TO READ IN COOPOINATES Fr GM A V / P A N i C O ^ V / L P ^ 

T H E M T P 
L A T I T U D u A M# LLiNGIT»M;r, ANC I - D t S I ^ C c 0 T A T E THE,f TO NFw 

P O S I T I O N S A E . G U T 

G I V E N P C I ES O F ^ C T A T I O N ANO M V E T H £ F , T > P O S I T I O N S E I T H P P 

W I T H P L S P F C T 

T ? THfc POL? Oh R O T A T I O N pf< THt -IFIGINAL F r c r P & r C E F.PA^E. T 

Hr PESLLTS 
C A «i ftc PLOTTCO A S A M F fi C N T C P P P 0 J E C T I P N TO ANY SCAtE OP AS 

A PCLAF 
ECUAL Af-EA CL JrCT I '"IN • THE CL UCRf; I NA T L S APE ALSO CUT P 'J T AS 

cIGURES. 
FILE (MAP) IS T H r FILL CONTAINING T U L MAF COCCPDI NATE S I N 

X r, Y VALUES. 
USUALLY FROM DIGITISING TABLE - TfifT f. BLCO A C £ T H 0 LONOIT 

UDFS G F T H £ 
( - I G H T HAM: CURNfcK ANO BOTTOV LEFT HANC COPNEPS O F T H E 

MAP. 
T^CA & BLCA A*S "HE LATITUDES OF THtSt POINTS. T K C X , TfCv, 

BLCX & 
BLLY A - E THE X AN C Y COORDINATES OF THE MAP CC^NrPS. 
N A M E IS THE IDENTIFIER OF CNE SET CF POINTS 
INO IS AN INDICATQF. IF IND = 1 OUPLT IS I N OPIGINAL P E F r r F- N 

C E F P a v E 
IF IM0 = 0 OUPUT IS G I V E N WITH RESPECT TC t H E PCI • OF POTATI 

Qfg 
l l i i i 11111 "ARKS THc END C*1 ONE SET 0 F PCINTS IN ^ I L E «AP 
i l l l ' i :2222 INDICATE THAT AT THF c NC CF THF S;"T O F POINTS 

NEW Pr SI "HO* S 

F ° P THF " I A P CCPNERS ARE Tt f L r : E A C I N . 
IF N A M E = • ENL• THt N THF PrHG&A" STOPS 
0* IS THE OPTION T 0 Rfc EXECUTED WHEN PUTTING OUT THF POINT 

c 
- - . 

I F 0 P = •DEGREE1 THEN TH- POIN T S AF E OCT PUT AS LATITUDE 
AND LONGITUDE 

IN O^&EES. (NO MAP IS PLOTTED). 
IP H P = SCALED 
IF OP = 'SCALED1 THEN A MAP IS DRAWN I H K E P CTOP oPDJrCTT 

ON T P T^F 
SCALE SPECIFIED. ALSO PC I NTS ARE PUT OUT O N FILE IN Tug VA 

LUES GIVEN 
PY T H d SCALE FACTO 0. SCALE = Tnr. r ̂C TO ? «Y WHICH T H E O N - I N 

T S * H 1 S E 
POSITIONS APE IN PADIANS A Pi"- MULTIPLIED. CX & CY APE CONST 

ANTS ADDED 
T C T H E S C A L C C JOINTS TO GIVE TH^ DFIGIN OF r..\p JN AMY 

DESIRED POSITION. 
I F op = •POLA*' A MAP I S D P AWN I N AN EQUAL A* E A 0 C L A r ;> C0J 

ECTION . 
POINTS I J THEIR NEW VALUES A*E ALSO PUT O M J O F I L E . 
SCALi = THG FACTOR 4Y WHICH THE POINT VALUES I N I RADIANS A P 

E M U L T I PL I t P . 
CX 6 CY A E E THE X AM u Y COORDINATE OF THE POLE OF PF^JECTI 

O N I N THE 
UNITS OF THt VAP. 
TO GAIN PLOTTED MAP OUTPUT THIS P P O G * A M MUST Bfc P U N . " I ' M *• 

P L O T S Y S . * / 
MA PLOT: PPOCFDUPE OPTIONS( ̂ P 1 ) 5 
DECLARE OP CHAR (6) t TLOKG( 900 ) FLO * T f TLAT( ̂ 1D) FL nA~i : 
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DECLARE NAME CHAP<2:>1 ; 
D F C L A K E (• AP ) F I L f INPUT P TRfAM ; 
'> CL AK t ( PLTT ) F IL F OUTPl.IT ^ Tr"r: AN ; 
«AD=1/57 #?Q6 ; 

LO:G£T FILE (MAPI L I ST « TRCC, Th C / • TP CX J K CY • P L ^ C , fU CA, BLCX , 
hLCY) : 

SC AL X= ( BLCO-TFCO ) / ( R L L X - T?C* ) ; 
XZEF^^LCX-RLCC/SCALEX ; 

S C AL bY = c 7 . I <* t * ( I OG ( T AN ( ( ? * TR C A / ? ) * FA D ) ) - L CG ( T AN ( (A S + B LC A/ 
2)*P A D ) ) ) / 

(TRCY-fUCY) ; 
YZEKOsBLCY-S"1 .2°o * L H ( . , { TAN ( (* 5*BL CA/7 ) * R AD » )/SCALEY ; 
L i : G t T LIST ( NAi^f t I NO ) ; 

IF NA"lE = ,bNC i THEN 00 T O L10 ; 1=0 ; 
PUT PDIT (NA^iE) (PAGE«A{2*H ; 
OFT LIST (PLAT fPLCNG,RCT) : 
IF ( P L A T = ' ; O I £ (PLGN0=C) THifN G O T C L5 ; 
P^CT=ROT*RAC ; 
A P = { g o - P L AT)*RAH ; 
AZ SPL QNG* I* AD ; 

L?:GET FILE(WAP) LTST(AX,AY) ; 
IF THFN GC TO L6 ; 
1=1+1 : 
PXsA7-(AX~XZEPC)*SCALFX*PAD ; 

AP = AY-Y?h»0 
IF AH < 0 THEN CO; 

£k AR ; 
£ T=—(AT AN ( EXP ( AF< *SC A L E Y*P AO ) )-0.785)*2 : 

EN3 : 
El it uT=(ATAN(EXP(AkvSCALf'Y*^AD))-0«78^)*2 : 

CX=COS(PX)*COS(AT) ; 
CY = f.IN(PX )*C^S(AT) ; 
CZ=SIN(AT) ; 
AXZ = ATAMCZ»CX)+AP ; 
SCY=SQRT(l-CY**?) ; 
CX = 0»S<AXM*SCY ; 
CZ=SIN(AXZ)*SCY ; 
AxY=ATAMCY,CX)-RRCT ; 
SCZ = SQRT( 1-C7**2) ; 
CX=CQS(AXY)*SCZ ; 
C Y « S I M ( A X Y)*SCZ : 
IF IND=u THEN GO TO L3; 
AJX = ATAMCZ,CX)-AP ? 
SCY=SO-T( i-CY**2 ) ; 
CX=COS(AZX ) *SCY ; 
C Z=SINCA Z X)*SCY ; 
SCZ=SQRT(1-CZ**2) ; 

L3: TL AT ( I ) = AT AN ( CZ, SC 7 ) ; 
TL P V G ( I )=-ATAN(CY,CX)+A 7 ; 
GO T O L2 ; 

I 5:GET FILc(KAP) L I S T ( A X , A Y ) ; 
IF r X = l l l i ^ THEN GC TO I ( ; 
i = i + l ; 
T L T M G U ) = ( ( AX-XZERC)*SCALOX+PCT ) * r AD ; 

A&=AY-Y7^P0 : 
IF AR < 0 THF*. r n ; 

TL AT ( I ) = - (ATA\CEXf(AP*SCALEY * R A I ) ) - 0 . 7 9 5 ) . 0 ; 
t-ND ; 
[ L a c TLAT ( I ) =( AT AM EXP( AR"SC AL ":Y - RAD) >-0.7fcr. )*2.C ; 

http://Pl.IT
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GO TO L5 ; 
L6:PUT I = D I T («NH C F POINTS = 1 ,!) ( S K I P , A • F ( 3 ) ) ; 

* > U T F I L K P L O T ) > K I P : 

G E T LIST ( O P ) ; 
I F rjpsipOLAW 1 T U E ^ G O T O LP; 
IF OP**DEGREE1 T H E N D O K=t TO I ; 

DLCNG=TLOrG ( K ) / P AC ; 
D L A T = T L A T ( K ) / R A D ; 
P U T > 0 I T ( D L ' T , D L O N C ) ( S K T P , F ( 7 • ? ) , * { ? ) f F ( 7 , 2 > ) ; 
PU T F I L t ( P L O T ) R O I T (DLATtOLONG) ( X I * ) ,F(7 , t ) f X ( 1 ) • F < 7 

,2) > ; 
END ; 
L~ L sc- D I ; 
I F O P= tSCALcD 4 THEN D O ; 
GET LIST ( S C A L E ,C X , C Y ) ; 
DO K = l TO I 5 
S L A T = l 0 G ( T A N < O - 7 K 5 + T L A T ( K ) / 2 . C ) ) * S C A L E + C Y ; 

S L O N G = TLONG(K) * S C AL L-*- C X ; 
IF K = j T M r N C A L L PfcNUPfSLONGtSLAT I : 
- L S E CALL PtNDMSLQNGf SLAT) ; 
PUT EDIT (SLAT,SLONG) ( S K I P , F ( 7 9 l ) • X ( 2 ) , c ( 7 t 2 ) ) ; 
PUT F I L E ( P L O T ) EDIT (S C A T , S L O N G ) ( X ( 1 ) , F ( 7 , ? ) , X ( 1 ) , F ( 7 

,2 ) 1 ; 
END ; 
E'JD ; 
cLSE DO K=l TO I ; 
PUT E 0 IT (TLAT ( K ),TLONG(K)) ( S K I P , F ( 7 , 3 ) , X C > , e ( 7 , 3 ) ) 

« 

PUT FILE(PLO^) EDIT ( T LA T ( K ) , T L C f o G ( K ) ) (X(1),F(7,?)»X( 
1) ,F(7,3) ) ; 

C N C ; 

tNC ; 
GO TO L°; 

L8:0,ET LIST ( 3CAL E , C X , f Y ) ; 
P U T SKIP ; 
no K = 1 TO I ; 

Z = S C A L E ^ ( X - S I M ( T L A T ( K ) ) 1 * * 0 . 5 : 
X = 7 * S I N (TL'JNG(K ) ) + C X ; 

Y = Z * C O S ( T L C N G ( K ) ) + C Y ; 

IF K=x T H E N C A L L P F N U P ( X F Y ) ; 

ELSE CALL P E N D N ( X , Y ) ; 

PUT ^ D I T ( X , Y ) ( F ( 7 t ? ) , X 1 2 1 , c < 7 , 3 ) F * U ) ) ; 
PUT F I L E ( P L O T ) EDIT ( x , v ) ( X ( 1 1 v F ( 7 , 3 ) v X ( 1 ) v c ( 7 , 3 ) ) : 
E N D ; 

LQ:IF ^^2272? THEN GO Jr ic,; 
E L S E G O T O L I ; 

L V > : C A L L P L " E N D : 

END? 
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Appendix C 7 - 6 

A program written i n FORTRAN IV, to calculate spreading rates from 
rotation rates and vice versa. 

Input: 

Read on 5^-

NC The number of calculations. 

ALAT 

ALON 

BLAT 

BLON 

IND 

ROT 

Latitude of pole of rotation. 

Longitude of pole of rotation. 

Latitude of point at which spreading rate i s known 

or to be calculated. 

Longitude of point. 

Indicator. I f IND = -1 the spreading rate i s calculated 

I f IND = 0 only the arclength i s calculated. 

I f IND = 1 the rotation rate i s calculated. 

Input spreading rate or rotati o n rate, (cm y "̂or degrees 

my ) 

Output:-

Written on 6 : -

SR 

AR 

I 

ALAT 

ALON 

BLAT 

BLON 

D 

Spreading rate. 

Rotation rate. 

Number of calculation. 

Arclength. 



2 2 7 

C PKnr.HAM TP CALCULATE S*REACINiG PATE FKC STATION RATE 
ANr< VICE 

C Vr-SA r. CALCULATE Af-C LENGTH c P C*' PCLt K POINT A T WHI 
Cll W A T T S 

C .\*E TO PE CALCULATED. 
C •JC = NiJMfU e PF CALCULATIONS, 
C A L A T , A L P \ l = L4TITUCC & L O N G I T U D E O F P L H F . 

C 4 L AT,fiLPN = L AT• £ L O N G 0- ^ O I N T . 

C I NO IS AN INOICA T0P FOC TY?E Oh rALCUL AT!CN• 
C IMD=-i S^EAPIMG P ATE CuLCULATTD. 
C IND = J ONLY ARCLENGTH CALCULATED 
C P 4 0 = l R O T / ! T 1 0 N H A T F C A L R U L A T £ n . 

C *n T= [\PUT SPREADING PATE 0« * P T AT I ONi PATE IN C N PFR Y 
" A C 

C D E C - L - S P L K ^ ' . Y . 

RA-DO.017<r53 
SH A O < 5 , 2 ) NC 

2 FOQVAT< I 3 > 
no 1 0 1 = 1 , N C 
= EAO( 5 »A) A L A T , ALPN f PL AT f3LCN,T NO,PPT 

<• F 1 C f . ' A T ( ^ F 1 0 . 0 , I ? t F F . O ) 
A L = A L AT* & AT, 

?L = BLA T*PA r > 

0 = APCOS( S IN( AL ) * ~ IN ( PL KCOS( AL )*CL<S I BUNCOS I < a L OM— ALON 
) * R A , D I ) 

IF (D.G T.I.5 707'J) D=3.1415<?-C 
1 F{ IMD) 11,12,1? 

11 SR=40 0 1 1 . 2 9 * R O T * S I N < D ) / 3 e O ) 
«RIT~(6tlll) S ^ 

112 F^?MAT( i HCt , S pf>EAOING R A T E = • , F7. 3 , 'C*/YP •) 
U TO 1^ 

13 A»«36J0*RCT/<*002 1 . 2 ° * S T N ( 0 I ) 
W r I T E ( 6 , l l ? ) AP 

113 FOPVATd HC , • A NGL F PF DOTATION = • , F7 . 3 , • P T T< MY') 
12 _) = 0/RAO 

* R IT " ( 6 , 1 1 2 ) I t AL A T,AL ON,PL AT,PLON,0 
;7v: FO «f' A T O Hp, I 3 , • APCLENGTH' , 2F<». 3 , 1 T 0 ,

t j F 9 . 3 f
l = ',F8 .3 

/ / / ) 
70 CONTINUE 

STOP 
END 
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Appendix C7-7 

A program written i n FORTRAN IV, to calculate the positions of points 
after a given amount of rotation about a given pole. 

Input: 

Read on 5 :~ 

ND The number of i n i t i a l points. 

PLAT Latitude of the pole. 

PLONG Longitude of the pole. 

SLAT Latitude of the point. 

SLONG Longitude of the point. 

NS Number of rotated positions for each point. 

ROT Rotation between each position. 

Output: 

Written on 6:-

PLAT, PLONG, SLAT, SLONG, 

TLAT(I) Latitude of I t h rotated position. 

TLONG(I) Longitude of I t h rotated position. 



po.no'KAM T c c.nnu.AT? R O T A T E D P O S I T I O N * r:f ^ C I N T S F - I M 
A N I N I T I A L 

GIVEN aCINT ARPIJT A GIVEN P O L E CF P 0 7 AT ION • 
N O = N ' J M R E E OF DATA SETS T 0 BE C ALC U L A T i D. 
PLAT & PL CMP, AM I M P l AT. AND L O N G . OF T H E POLE OF ; * 0 

T A T I C N 
SLAT & S L L N G A r E THE LAT. AND LONG. PF THE I N I T I A L POI 

NT. 
NS= TH": MJMRER OF S T R P S Ti RE h" ACi: ALONG A&C CF FOTATI 

UN. 
^0T = <\NGLLAR INCREMENT CF EACH STEP IN' DEGREES. 
DIMENSION T L A T ( Q O ) , T L O N G < 9 0 ) 
^EAD(S»1) NO 
FORMAT(13) 
^ I T E ( 6 , 6 ) 

FjPMAT(iHlf«A3CS ABOUT POLES CF P P T AT I ON 1 ) 
no 50 IN=1,\D 
*CAP(5,2 ) PL AT , PLONG,SLAT,SLONG»N5,ROT 
»=OPMAT(2FJ0,0/2Fi0.0f I2 fFP.O) 
^=1 
PAC=0 . 31745 
IF(MS) 3,^0,5 
F=~l 
NS=-N| S 
AP = ('-O'-PL A T ) * P AD 
A Z = P L L N G * F A D 

P X = V Z - S L O N G ^ P A C 
A T = S LA T * F AD 

00 '0 1=1,NS 
5P0T = F-'t I*P A O * PP:T 

r<=COS(PX )*0OS(AT) 
CY = S I M P X ) * C O S U T ) 
C Z = S I N ( A T ) 

\X7=ATAN/(C7,CX)*-AP 
SCY = S Q : ! T ( X ~ C Y * * 2 ) 
CX=C05<AXZ)*SCY 
CZ= S I N (AXZ)*SCY 
AXY=\TAf?(CYiCXl-RPOT 
SCZ = SgRT( ,-C7**2 ) 
C X = C 0 S ( AXY) *SCZ 
CY = S I M A X Y ) * S C Z 
A7 < = A T A N ? f C ?,CX ) - A P 
S C Y = S Q P T ( 3 - C v * * 2 > 
CXsCHS(*ZX)*SCY 
C7=SIN(tZX)*SCY 
SCZ=SUPTU~C7**?) 
T L Mi I ) = A T A N 2 ( C 7 , S C Z ) / R A 0 
T L O N O ( I ) = ( - ATAN'MCY»CX) + AZ)/R^ r > 

CONTINUE 
W P I T E ( 6 # 2 0 1 PLAT f PLONGt S L A T , S L O N G , ( T L A T ( I ) , T L 0 N G ( I ) ,1 = 

lt*'S> 
FORMAT ( l H O i * POLE* , ? FX 0 . ? / • I N I T T AL P°INT • , F10 . 2 / * FCT AT 

ED POINTS 1/ 
I * L A T, LONG.»/(F7 . 0,2V,F7 . 2 ) ) 
CJNTI MJE 
S TOP 
rND 


